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ABSTRACT 
This research examines the scour potential and hydro-dynamic forces acting on 
a reinforced concrete box culvert to evaluate the adequacy of current culvert 
design practices. The research motivation is mainly due to the major culvert and 
floodway failures recorded during the 2011 and 2013 Queensland flood events in 
the Lockyer Valley region. Repeated failures of culverts and floodways during 
these two successive events indicated that there are some potential drawbacks 
in the current culvert design practices.  Current culvert design procedure is 
centred around the hydraulic and hydrological aspects of the culverts which 
primarily encompasses the head water and tail water conditions of a culvert. The 
current guidelines do not provide adequate information to estimate the scour 
potential around culverts and associated hydro-dynamic forces such as drag and 
lift forces. Further, scour potential and drag and lift forces are not 
comprehensively studied with respect to changes in geometry and flood 
conditions. This research therefore comprehensively studies relationships 
between these parameters using a simulated reinforced concrete box culvert in 
ANSYS fluent software package.  
 
The analysis of this research is based on a reinforced concrete box culvert in the 
Left Hand Branch Road (LHBR) in the Lockyer Valley Regional Council area. The 
case study area is selected mainly based on the current USQ research funded by 
the Bushfire and Natural Hazard Cooperative Research Centre and to align with 
USQ research directions and interest. Key design parameters such as flood 
intensities are not available for this region mainly due to the regional nature of 
the selected case study area. Therefore, a parametric study is conducted to 
simulate different flood intensities in conjunction with field visits and available 
drawings. Results indicate that the AS 5100.2-2004 underestimates the drag and 
lift forces acting on the culvert. Also, results indicate that the AS5100.2-2004 fails 
to account for variation of drag and lift forces due to changes in geometry such 
as culvert length. This research further analyses the scour potential at different 
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flood intensities and attempts to establish maximum scour depth. Findings as well 
as the overall methodology developed in this research provide a clear research 
direction to researchers who are examining these issues. This will eventually lead 
to enhance performances of culverts and hence increased community resilience.  
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NOMENCLATURE  
 
𝐴  cross sectional area of flow (m2) 
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𝑐  cohesion 
𝐶𝑑  drag coefficient 
𝐶𝑓  free flow coefficient of discharge 
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dsp the wetted depth of the superstructure 
dss wetted depth of the superstructure 
dwgs the vertical distance from the girder soffit to the flood 
water surface upstream 
𝐹∗𝑑𝑒𝑏𝑟𝑖𝑠 𝑠𝑒𝑟𝑣𝑖𝑐𝑒  serviceability design force (kN) 
𝐹∗𝑑𝑒𝑏𝑟𝑖𝑠 𝑢𝑙𝑡𝑖𝑚𝑎𝑡𝑒  ultimate design debris force (kN) 
𝐹𝑑𝑟𝑎𝑔  drag force (kN) 
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𝐹∗𝐿𝑠  serviceability design lift force (kN) 
𝐹∗𝐿𝑢  ultimate design lift force (kN) 
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CHAPTER 1. INTRODUCTION 
1.1 Overview 
In 2011, Queensland experienced an extreme flood event which damaged a large 
portion of the state’s infrastructure. The Lockyer Valley was no exception with 
192 of 330 culverts damaged and another 65 culverts requiring full replacement 
(Lockyer Valley Regional council 2012).  The region was then again hit by an 
even greater flood in 2013 which resulted in damage to 100 culverts with a 
further 92 that required full replacement: many of these structures were new, 
having only been replaced after the 2011 floods.  
1.2 Definition of a Culvert 
Culverts are commonly used both as cross-drains and to pass water under a road 
at natural drainage and stream crossings (Bureau of Land Management 2011). 
Therefore culverts convey surface flow from one side of the roadway to the other 
(Brockenbrough 2003). Culverts are commonly used in floodways to enable low 
intensity flood waters to be discharged without any overtopping. These structures 
are commonly used in regional areas where construction of bridges is not viable 
due to cost versus benefit (Main Road Western Australia 2006). 
In Australia, the AS 1597.1-2010 (Standards Australia 2010) is the standard for 
precast reinforced concrete box culverts, however, the standard does not define 
culvert operation. The standard is limited to the structural aspects of constructing 
the box culverts. The environmental and operating conditions of concrete box 
culverts are not defined and are often left to designer’s experience.    
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1.3 Research Motivation  
The Lockyer Valley Region was subjected to crippling floods in 2011 which 
damaged 77% of the region’s road infrastructure (Lockyer Valley Regional council 
2012).  Although culverts are small road structures, they have a huge impact on 
rural communities who highly rely on this primary source of road infrastructure. 
Further, culvert damage can have a detrimental effect on community resilience. 
The cost of replacing this critical infrastructure is severely felt across these rural 
communities. The adverse effect on the rural communities and the associated 
cost due to the failure of these road structures have motivated new research 
direction on the resilience of road structures: bridges, culverts and floodways.   
 
In line with this new research direction, the University of Southern Queensland, 
University of Melbourne and RMIT have partnered and funded by the Bushfire 
and Natural Hazards Co-operative Research Centre (BNHCRC) to conduct a 
research on enhancing resilience of road infrastructures. The Queensland 
Transport Main Roads, VicRoads, Road and Maritime Services, NSW and Lockyer 
Valley Regional Council are also engaged with this project as end users. The USQ 
research team is aiming at developing a national design guideline/standard for 
floodways. As part of this key research aim, the USQ research team is 
investigating performance of culverts within floodways. Preliminary failure 
analysis has indicated that the scour as one of the main failure mechanism in 
floodways with culverts. Due to limitation in resources to conduct detailed 
experiment work, a comprehensive Computational Fluid Dynamic (CFD) analysis 
is being undertaking to better understand the performance of culverts and 
associated scour potential. Further, studying hydro-dynamic forces such as drag 
and lift are identified as other key research priorities to improve the overall 
understanding of failure mechanisms of culverts.  
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1.4 Aim 
The aim of the project is to examine the performance of Reinforced Concrete Box 
Culvert (RCBC) under different flood intensities through a comprehensive 
numerical analysis. Finite element analysis software package, ANSYS (Moaveni 
2007) will be used to identify and analyse the behaviour of culverts and to 
measure scour potential and hydro-dynamic forces.  
1.5 Objectives  
To achieve the aim of this research the following objectives are defined. 
A. Find critical areas where high scour potential is likely 
B. Analyse the effect of scour depth 
C. Analyse the effect of culvert geometry 
D. Examine the applicability of drag and lift forces given in the AS5100.2 
towards culverts 
 
A RCBC located in the Left Hand Branch Road in LVRC is selected for the case 
study of this research to align with the current BNHCRC project which is being 
undertaking at USQ. The analysis will consider the effect of scour on a culvert 
under different flood intensities similar to the 2011 and 2013 flood events.   
 
The numerical model will be created in ANSYS Fluent software package. The 
ANSYS Fluent has a number of features that will allow a thorough analysis. The 
computation fluid dynamics feature in ANSYS can handle the dynamic fluid 
structure analysis. The results from the model can then be validated against 
observations made after each of the flood events. Different flood intensities will 
be introduced to identify critical scour areas and associated scour depths. Further, 
different culvert geometries such as width, depth and length will be investigated. 
This study will also compare the drag and lift forces obtained from the Australian 
Standard Bridge design Part 2: Design loads (AS5100.2-2004)  (Standards 
Australia 2004) with ANSYS results.  
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CHAPTER 2. LITERATURE REVIEW 
 
The literature includes design guidelines from Australia, the United States, United 
Kingdom, South East Asia and shall also include academic research. As the culvert 
will be analysed using finite element analysis, literature on finite element theories 
and computer modelling will also be included. 
 
2.1 Project Feasibility 
The 2011 floods damaged 192 of the 330 culverts in the Lockyer Valley, and 65 
of these culverts required complete replacement. The restoration works post the 
2011 flood cost the regional community $68 million in road and transport 
infrastructure.  This represents 25% of the overall recovery cost after the flood 
(Wahalathantri et al. 2015). The restoration costs are insignificant when 
compared to the larger economic impact. The reported impact of the 2011 floods 
is estimated to reduce the GDP forecast by 0.6% or $2 billion (Wahalathantri et 
al. 2015). 
 
The current guidelines are not adequate to withstand the extreme flood events 
similar to the 2011 and 2013 flood events. Since these events, some research 
has been conducted to better understand how culverts have been failing. The 
concern with the reconstruction of many of the culverts is the requirement that 
they are constructed to the pre-disaster state (Lockyer Valley Regional council 
2012). The Australian Government Productivity Commission Inquiry found that 
the like for like replacement can lead to exponentially increasing costs over time 
if similar flood events are to occur (Lockyer Valley Regional council 2012). 
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2.2 Culvert Failure 
When conducting analysis to improve the resilience of structures it is important 
to first understand the failure mechanisms.  Lokuge (2014), revealed that four 
major types of failure were observed, these were culvert washout, culvert 
approaches, culvert slab and rock protection.  
2.2.1 Culvert Washout 
The culverts that failed due to wash out had been seriously scoured, undermined 
and suffered significant cracking. When culvert washout occurs complete 
replacement is often the only option. Figure 1 indicates an instance of a culvert 
washout that requires a complete replacement. 
 
 
Figure 1 - Culvert Washout 
(LVRC, 2011) 
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2.2.2 Culvert Approaches 
The high velocity floodwater often leads to scouring upstream and downstream 
of culverts. The culvert approaches can also be damaged at higher flood 
intensities. The approaches then have to be repaired or replaced including rock 
protection and/or table drains. Figure 2 shows the damage to approaches after 
a heavy rainfall event. 
 
Figure 2 - Culvert Approach Damage 
(Tamworth Regional Council, 2016) 
2.2.3 Culvert Slab 
Scouring around the culvert can leave the slab suspended and susceptible to 
cracking. General practice is to replace the slab, including other sections of the 
culvert to re-establish proper structural integrity. The excessive scouring and 
undermining are the potential sources to cause suspended slabs and associated 
damage. 
 
Figure 3 - Culvert Slab Damage 
(LVRC, 2011) 
 Analysis of Culvert during Extreme Flood events 
 
 
 7 
 
2.2.4 Rock Protection 
Culverts typically include upstream and downstream protection structures such 
as rock protection structures. However, these rock protections are susceptible to 
scour damage at higher flood intensities or due to improper design 
considerations.  Excessive damage to rock protection can hinder the structural 
integrity increasing the vulnerability of culverts to flood damage. The cost to 
replacing the rock protection can be a significant portion of the overall budget 
(Wahalathantri 2015). A good rock protection design will improve the lifespan of 
the culvert and keep long term maintenance costs down. Figure 4 is a typical 
example of the rock protection damaged through scour which has led to scouring 
around the culvert.  
 
Figure 4 - Culvert Rock Protection damaged 
(LVRC, 2011) 
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2.3 Hydraulic Theory 
When completing any modelling activity, it is first important to understand the 
theory. The hydraulic theory section will concentrate on current proven or widely 
practised hydraulic theories.  Particular attention will be paid to hydraulic theories 
relevant to model generation. 
2.3.1 Flow Regime 
The steady flow regime occurs when the flow properties do not change with time 
(Nalluri & Featherstone 2009). An unsteady flow is when the flow properties 
change with time, unsteady flow is common during flood events. 
 
A uniform flow occurs when velocity and depth of a channel do not change across 
a length (Chadwick 2013). Steady uniform flow occurs in long channels where 
fluid or energy do not enter or exit the channel, this can only occur when the 
slope of the channel creates the required energy equal to the energy lost through 
friction (Nalluri & Featherstone 2009). The steady non-uniform condition occurs 
when conditions vary with distance but not with time, the velocity will change 
with the distance but not with the time.  
 
When fluid moves slow enough it moves in smooth parallel layers, this type of 
flow is called laminar flow. If a fluid is travelling at high velocity it no longer 
travels in smooth parallel layers rather it behaves erratically, this type of flow is 
often associated with flooding conditions. Turbulent flows are unpredictable due 
to changing velocities and directions making it difficult to analyse. Transitional 
flows are where the smooth parallel layers of laminar flow transition to an 
unsteady state (Nalluri & Featherstone 2009). To determine the flow condition 
within a channel Reynold’s number must be calculated. The equation below is 
used to calculate Reynold’s number which is a ratio of the momentum forces to 
viscous forces (Chadwick 2013). 
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𝑅𝑒 =
𝜌𝑅𝑉
𝑣
 
 
(2.1) 
where: 
𝑅𝑒 = 𝑅𝑒𝑦𝑛𝑜𝑙𝑑𝑠 𝑁𝑢𝑚𝑏𝑒𝑟 𝑢𝑠𝑒𝑑 𝑡𝑜 𝑐𝑙𝑎𝑠𝑠𝑖𝑓𝑦 𝑓𝑙𝑜𝑤 𝑐𝑜𝑛𝑑𝑖𝑡𝑖𝑜𝑛 
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 
𝑅 = 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑅𝑎𝑑𝑖𝑢𝑠 
𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ ) 
𝑣 = 𝑉𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 
Table 1  below result can then be compared with the ranges seen in the table 
below to determine the flow classification within the channel (Chadwick 2013). 
Table 1 - Flow Classification 
Flow Classification Reynold Number (Re) 
Laminar Flow Re<2000 
Transitional Flow 2000<Re<4000 
Turbulent Flow Re>4000 
 
The Froude number is used when determining if a flow is subcritical or super 
critical. The Froude number is a dimensionless number which is the proportion of 
gravitational and inert forces (Chadwick 2013). This can be useful when 
determining a hydraulic jump. 
 
 
𝐹𝑟 =  
𝑉
√𝑔𝑦
 (2.2) 
 
 
 
Where: 
𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ ) 
𝑦 = 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑚𝑒𝑎𝑛 𝑑𝑒𝑝𝑡ℎ (𝑚) 
𝑔 = 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (𝑚 𝑠⁄ ) 
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2.3.2 Flow Velocity 
The water flow was calculated using manning’s equation which can be seen 
below. 
𝑉 =
𝑅
2
3𝑆𝑓
1
2
𝑛
 
 
 
(2.3) 
Where: 
𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ )  
𝑅 = 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 (𝑚2) 
𝑆𝑓 = 𝐵𝑒𝑑𝑠𝑙𝑜𝑝𝑒 
𝑛 = 𝑀𝑎𝑛𝑛𝑖𝑛𝑔𝑠 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
 
The Manning’s equation was used to determine the flow rate for an estimated 
flood depth. Equation (2.3) is critical when creating a model as the flood depth 
varies the velocity entering the model will need to be consistent.  
 
Bernoulli’s theorem states that the total energy at all points along a steady 
continuous streamline of an ideal incompressible fluid flow is constant (Nalluri & 
Featherstone 2009). The original equation can be modified for incompressible 
fluid flow which takes into account the energy required to overcome frictional 
losses and other resistance to flow. The losses can be attributed to different 
variables depending on the flow condition. In Laminar flow condition of the fluid, 
the length and velocity are contributing to the frictional and overall losses (Nalluri 
& Featherstone 2009). When the turbulent flow is present the roughness of the 
channel, density and viscosity of the fluid are contributing factors to the losses.  
Bernoulli’s equation is given below. 
 
𝑃𝑎
𝜌𝑔
+
𝑉𝑎
2
2𝑔
+ 𝑍𝑎 − ℎ𝑚 − ℎ𝑓 =
𝑃𝑏
𝜌𝑔
+
𝑉𝑏
2
2𝑔
+ 𝑍𝑏 (2.4) 
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where: 
𝑃 = 𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑃𝑎)  
𝜌 = 𝐷𝑒𝑛𝑠𝑖𝑡𝑦 𝑜𝑓 𝑓𝑙𝑢𝑖𝑑(𝑘𝑔 𝑚3⁄ ) 
𝑔 = 𝑎𝑐𝑐𝑒𝑙𝑒𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑒 𝑡𝑜 𝑔𝑟𝑎𝑣𝑖𝑡𝑦 (𝑚 𝑠2⁄ ) 
𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ )  
𝑍 = 𝐸𝑙𝑒𝑣𝑎𝑡𝑖𝑜𝑛 (𝑚) 
ℎ𝑚 = 𝑀𝑖𝑛𝑜𝑟 𝐿𝑜𝑠𝑠𝑒𝑠 
ℎ𝑓 = 𝐹𝑟𝑖𝑐𝑡𝑖𝑜𝑛 𝐿𝑜𝑠𝑠𝑒𝑠  
𝑎 = 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑢𝑝𝑠𝑡𝑟𝑒𝑎𝑚 
𝑏 = 𝐿𝑜𝑐𝑎𝑡𝑖𝑜𝑛 𝑑𝑜𝑤𝑛𝑠𝑡𝑟𝑒𝑎𝑚 
 
2.3.3 Computational Fluid Dynamics (CFD) & K-Epsilon model 
Computational Fluid Dynamics uses numerical analysis and algorithms to analyse 
and solve fluid flows (Wilcox 1994).  This allows large complicated fluid systems 
to be modelled however when the fluid flow is turbulent the K-Epsilon model 
should be used. The K-Epsilon model is a two equation model that can 
algebraically compute high complexity flows. The first equation determines the 
particles energy and is commonly known as the turbulent kinetic energy equation 
(Wilcox 1994). The second equation is the turbulent dissipation equation, this 
equation determines the rate of dissipation of kinetic energy (Wilcox 1994). 
2.3.4 Velocity Profile 
Fluid flowing through an open channel will not have a uniform velocity through 
the cross section, this is due to the effects of friction.  Raleigh (2015) explains 
that another reason is due to secondary currents in turbulent flow which rebound 
off the boundaries. The atmospheric pressure contributes to the top surface area, 
the result is the velocity is highest just below the surface of the water where 
atmospheric pressure, friction and secondary currents are minimal.  Figure 5 
illustrates the velocity contours after environmental factors are considered. 
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Figure 5 - Open Channel - Velocity Contours  
(Sierra 2009) 
 
2.4  Culvert Design Process 
Prior to designing a culvert, some information regarding the current land use, 
hydrological survey and stream data should be gathered. The location of the 
culvert will be where a waterway intersects an existing or proposed roadway. It 
is advisable for the culvert to simulate the natural channel as far as practicable 
(Austroads Ltd 2013; Federal Highway Administration 2012a; The Highways 
Agency 2004). Austroads Guide to Road Design recommends considering the 
following when designing culverts: 
 Economy 
 Road immunity 
 Stream characteristics 
o Construction of Stream due to culvert installation 
o Erosion upstream and downstream of culvert 
o Groundwater effects due to culvert 
o Fauna and/or fish passage 
 Culvert structure 
 Tailwater and backwater 
 Culvert outlet velocity 
 Durability of structure 
 Environmental issues 
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2.5 Design Guidelines 
The Austroads Ltd (2013) guide to road design is a comprehensive design 
guideline for practising engineers.  Part 5B of the guideline specifies method of 
designing culverts, the guide lists they following key considerations: 
• Pavement Alignment 
• Culvert Shape 
• Culvert size 
• Hydraulic Design Consideration 
• Consideration of Large or Extreme events 
 
2.5.1 Pavement Alignment 
The horizontal pavement alignment does not need to be perpendicular to stream 
flow. The culvert should follow the natural channel where possible, any alteration 
of the alignment can lead to progressive erosion (Austroads Ltd 2013; The 
Highways Agency 2004). If it is not possible to follow the natural alignment of 
the channel the pavement alignment should be changed to avoid crossing at this 
location and identify a more favourable location. The vertical alignment of the 
culvert will largely be dependent on hydraulic aspects of the culvert (The 
Highways Agency 2004). The culvert will be smoother than the natural stream, 
therefore, the velocity will be greater. Designers should anticpate outlet velocities 
when designing culverts as high velocities lead to greater scouring and can cause 
sediment deposits downstream (Austroads Ltd 2013; Transport Research 
Laboratory 2000). 
 
The Transport Research Laboratory (2000) recommends four rules for selecting 
the location and alignment of culverts, these are: 
1. Where the road crosses a valley, the lowest point requires a vent, whether 
there is an established stream or not. 
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2. Where there is an established stream, the culvert should follow the existing 
alignment, unless the alignment can be improved. 
3. The gradient of the culvert should be the same as the gradient of the 
stream.  
4. Measures may be necessary to ensure that the watercourse does not 
move. This could cause serve damage and the consequent change of 
location of the culvert would be expensive. 
2.5.2 Culvert Shape 
Pipe culverts are the most common type of culvert, as it is hydraulically and 
structurally efficient. This type of culvert is commonly joined in two ways a flush 
joint where pipes have bevel allowing them to interlock or a rubber ring joint 
where a rubber ring provides the seal between pipes. In the United Kingdom, 
pipe culverts are seen to be better suited to highway drainage systems however, 
concrete pipes are not viable when the diameter is greater than 2.4 m and 
therefore not appropriate for wide watercourses (The Highways Agency 2004). 
When pipes are used as culverts, the height of the back fill must be a minimum 
of ¾ of the pipe diameter. This will ensure proper distribution of vehicular loads 
and give the adequate strength to disburse these loads (ILO n.d). 
 
A Box culvert can be either square or rectangular in shape, this type of culvert 
can also be a crown or inverted U-shape. Box culverts are a more suitable option 
when the embankment depth is critical as they require less material cover 
(Standards Australia 2010). Box culverts come in a variety of precast sizes, it is 
also possible to cast insitu box culverts when appropriately designed. The precast 
fabrication of box culverts ensure that the product is of a high quality, the 
installation process can be done rapidly as concrete has already cured and 
placement is all that is required. The box culvert can be placed either side by side 
or can have concrete cast between boxes, however, these should be hydraulically 
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designed (Humes 2015). The dissertation will focus on box culverts as it is what 
has been used in the case study. 
 
2.5.3 Culvert Size  
Austroads Ltd (2013) recommend that the minimum culvert size of 375mm 
diameter or height of any box section subject to road agency requirements. When 
there is a possibility of a blockage due to debris or sediment a minimum 750mm 
culvert is recommended. The size of the culvert should allow for full flow with 
outlet control conditions, to ensure this, the height of the culvert should not 
exceed 1.25 the depth of the tail water. Table 2 lists some common sizes of 
culverts that are readily available in Queensland.  
 
Table 2 - Culverts Sizes Available in Queensland 
(Humes 2015) 
Leg Height 
(mm) 
Span (mm) 
450 600 900 1200 
450     
600     
900     
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2.6 Scour Definitions and Guidelines 
The major failure of road structures usually occurs during flood flows due to 
scouring, sinking and sliding (Nago 1988). Chang (2013) defined scour as “The 
erosion of streambed around an obstruction in a flow field”. Culvert scour is when 
the channel bed is removed by fast moving water, this is more critical at the 
downstream end where flow velocities are greater. The downstream flow velocity 
is greater as the channel constricts the flow which increases the flow velocity 
(Chadwick 2013).  
 
The U.S Army Corps Engineers (1994) reiterate that the culvert barrel constricts 
the natural channel forcing the flow through a reduced opening as the flow 
contracts the velocity increases, causing scouring of the channel bed. As the flow 
expands from the constricted barrel to the expanded channel it causes turbulence 
and erosive eddy currents (Transport Research Laboratory 2000; U.S Army Corps 
Engineers 1994). The Highways Agency (2004) emphasise that when significant 
scour occurs the foundation can be undermined leading to the structural damage 
or collapse. When the velocity is high there is greater potential for the shear force 
to exceed the shear stress in the natural section, the velocity at which this begins 
to happen is referred to as the critical velocity.  When the velocity is greater than 
the critical velocity there is the possibility for potential scour. The equation below 
calculates the critical velocity based on sediment transport theory (Federal 
Highway Administration 2012b). 
 
𝑉𝑐 = 6.19 ∗ 𝑦
1 6⁄ ∗ 𝐷50
1 3⁄
 
 
(2.5) 
Where: 
𝑉𝑐 = 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ ) 
𝑦 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ (𝑚) 
𝐷50 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 𝑖𝑛 𝑤ℎ𝑖𝑐ℎ 50 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑎𝑟𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 (𝑚) 
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When the critical velocity has been exceeded scour will continue to occur until a 
maximum scour depth is reached. As the scour depth increases the velocity in 
that cross section decreases, this happens proportionally until the maximum 
depth is reached. Once equilibrium has been reached there will be no further 
scouring as the velocity will have reduced to below the critical velocity. 
2.7 Drag Forces 
Drag forces are caused by flowing fluid normal to a structure such a culvert or 
bridge pier (Larson 2004). The drag force, therefore, is the interaction between 
the structure and velocity of the water flow (Cummings 2015). Austroads Ltd 
(2013) do not specify any calculation of drag force on culverts, therefore the drag 
force will be calculated in accordance with AS5100.2-2004 Bridge design Part 2: 
Design Loads (Standards Australia 2004) calculation of the ultimate design drag 
force on a structure: 
 
𝐹𝑑𝑟𝑎𝑔 = 0.5 ∗ 𝐶𝑑 ∗ 𝑉𝑢
2 ∗ 𝐴𝑠 
 
(2.6) 
 
Where: 
𝐶𝑑 = 𝑑𝑟𝑎𝑔 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 
𝑉𝑢 = 𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (𝑚 𝑠⁄ ) 
𝐴𝑠 = 𝑤𝑒𝑡𝑡𝑒𝑑 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑠𝑡𝑟𝑢𝑐𝑡𝑢𝑟𝑒 (𝑚
2) 
 
The drag coefficient is dependent on the shape of the structure and how it 
impedes water flow. The AS 5100.2-2004 recommends in the absence of more 
accurate coefficients that Cd = 1.4 for square shaped areas. This is appropriate 
for the legs of a box culvert, however, the top of the culvert including the 
pavement area should be calculated using Figure 6 - AS5100 - Drag Coefficient. 
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Figure 6 - AS5100 - Drag Coefficient 
 In order to use this method, the relative submergence (Sr) must first be 
calculated. The relative submergence is the ratio of the vertical distance from 
invert of the culvert to the top of flood flow depth (dwgs), to the wetted depth of 
the culvert (dsp) which is shown in Figure 7. The ratio can then be calculated by: 
𝑆𝑟 =
𝑑𝑤𝑔𝑠
𝑑𝑠𝑝
 
 
(2.7) 
The proximity ratio is determined on the vertical distance from the channel bed 
to the invert of the culvert (ygs) to the wetted depth of the culvert (dss) which can 
be seen in Figure 7 and calculated by using: 
𝑃𝑟 =  
𝑦𝑔𝑠
𝑑𝑠𝑠
 (2.8) 
Once the coefficients are determined the drag force can then be calculated using 
the drag force equation above from the AS5100.2 (Standards Australia 2004). 
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Figure 7 - AS5100.2 - Dimensions 
2.8 Lift Forces 
The Lockyer Valley Regional Council identified 23% of damage to culverts after 
Queensland flood events were due to washouts (Wahalathantri et al. 2015). The 
result of a washout can be a combination of scouring forces and lifting forces 
which lead to eventual washout (Cummings 2015). The current Australian 
Standard for culverts the AS 1597.1-2010, the Austroads Ltd (2013) Guide to 
Road Design Part 5B: Drainage – Open Channels, Culverts and Floodways, 
stipulates that culvert end treatments such as cutoff walls are sufficient to 
withstand lifting forces. As there is no empirical equation specifically for lifting 
forces acting along a culvert the AS 5100.2-2004 clause 15.4.3 shall be used to 
calculate the ultimate design lifting force with the equation below. 
 
𝐹𝐿𝑖𝑓𝑡 = 0.5 ∗ 𝐶𝐿 ∗ 𝑉𝑢
2 ∗ 𝐴𝐿 (2.9) 
Where: 
𝐶𝐿 = 𝑙𝑖𝑓𝑡 𝐶𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡  
𝑉𝑢 = 𝑚𝑒𝑎𝑛 𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 𝑜𝑓 𝑤𝑎𝑡𝑒𝑟 (𝑚 𝑠⁄ ) 
𝐴𝐿 = 𝑡𝑟𝑖𝑏𝑢𝑡𝑎𝑟𝑦 𝑎𝑟𝑒𝑎 𝑜𝑓 𝑙𝑖𝑓𝑡 (𝑚
2) 
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The AS 5100.2-2004 states that the structure shall have two lift forces and 
therefore two lift coefficients (CL) the upper coefficient is used to determine 
structures resistance to overturning. The lower coefficient shall calculate the 
downward force; the coefficients can be determined using Figure 8. The relative 
submergence is calculated the same way as it was calculated for the drag force, 
using the equation (2.7). 
 
 
Figure 8 - AS 5100.2 - Lift Coefficients 
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CHAPTER 3. PROJECT METHODOLOGY 
3.1 Introduction 
In accordance with the project specification available in appendix A, the 
methodology of this project primarily investigates the effect of scour and drag 
forces with varying flood intensities and geometries. The analysis will aim to 
identify the critical parameters in the design of culverts using a selected RCBC 
located in the Left Hand Branch Road. The research will develop a 3D ANSYS 
finite element model of the RCBC in the Left Hand Branch Road as detailed in 
section 3.2 below.  
Whilst the geometry for the culvert is in accordance with drawings some 
assumptions were made for modelling purposes, in conjunction with the field 
investigations and measurements. The slope of the natural section upstream and 
downstream of the culvert was taken as 2% bed slope based on the catchment 
modelling and analysis carried out by the main supervisor, Buddhi Wahalathantri. 
As constructed drawing of the culvert indicates a 1% grade at the culvert section.  
3.2 Case Study 
Left Hand Branch Road in Mount Sylvia was selected as the case study area of 
this research to align with the research directions and interest of the current 
BNHCRC project that the USQ is conducting. The red circle in Figure 9 shows the 
approximate location of the Left Hand Branch Road. There are total of 21 culverts 
along this road segment. These floodways provide access to regional 
communities, agricultural industries, farmlands and tourists.  The culvert allows 
traffic to cross the tenthill creek improving the level of access to the community 
upstream. The current research is based on the geometric and structural 
configuration of the floodways located at chainage 1477. This floodway consists 
of three 1200 x 600 box culverts at the deepest section and is located in a steep 
mountainous region, at an elevation of approximately 180m above sea level. The 
mountains are vegetated with native trees and grass with rock outcrops 
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throughout. The high mountainous regions mean that’s rainfall runoff is directed 
down slopes directly into Tenthill creek, which will pass through the culvert at 
Left Hand Branch road. 
 
Figure 9 - Location of LHBR Culvert 
(LVRC, 2015) 
3.2.1 Left Hand Branch Road Culvert Specifications 
The drawings provided by Lockyer Valley Regional Council indicate that the length 
of the floodway is 69.7m and the width of the culvert is 4.5m to provide passage 
for a single lane of traffic. The culvert has been constructed with three 1200mm 
x 600mm precast reinforced concrete boxes. The plan view of the culvert can be 
seen in Figure 10.  
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Figure 10 - LVRC LHBR Culvert Drawing 
(LVRC, 2015) 
3.2.2 Site Visit - Left Hand Branch Road Culvert  
The drawings provided by Lockyer Valley Regional Council were useful to 
understand the culvert geometry. However, two site visits were conducted to 
attain important parameters such as Manning’s roughness and actual dimensions 
of the culvert. The first site visit was conducted in January 2016 to examine the 
culvert and the surrounding environment. Key observations from this field visits 
are listed below. 
1. The creek has a natural sharp left turn bend near the culvert 
2. A large bolder was observed on right bank of the creek, adjacent to the 
floodway as shown in Figure 11 
3. Large concrete blocks are in place with aim to direct water into the main 
channel 
4. Creek bed consists of cobbles and significant amount of weeds 
5. Flood plain is moderately dense 
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Figure 11 - Site Visit Image of Concrete Blocks 
The second site visit was conducted in April 2016 to gather more detail 
information such as actual dimensions of the culvert and examine the rock 
protection structure. Minor discrepancies were found between the measurements 
taken and the drawings provided. The width of the pavement was detailed in the 
drawing as 4.5m however, upon inspection the actual pavement width was found 
to be 6m at the culvert section. The drawings did indicate a d50 value of 550mm 
for the size of rock protection at this specific site. Therefore, field measurements 
were taken of a number of the rocks in the rock protection zone to get an average 
d50 value and compare them with a common drawing of rock protection.  Figure 
12 indicates a typical view of the rock protection structure. Main conclusions 
made from the second site visit are: 
1. The road width increases to 6m at the culvert section from the nominal 
width of 4.5m 
2. Average rock size used in the rock protection structure is about 550mm 
3. Average size of the cobbles on the creek bed is about 100mm 
4. The elevation of the downstream rock protection increases in the direction 
of the flow 
Large Concrete Blocks 
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Figure 12 - Site Visit Image of Rock Protection 
3.3 Hydraulic Calculations 
Basic hydraulic parameters such as flow velocity, flow depth and the discharge 
were estimated using the Manning’s equation given in Equation 3.1. The 
Manning’s equation was used to determine the flow rate for a given flood depth. 
This study was limited to the selected culvert section and hence the same applied 
to the flow characteristics. Therefore, the flow-flow boundaries assumed at sides. 
This means the hydraulic radius, R, equals to the flow depth at the selected 
culvert section. 
𝑉 =
𝑅
2
3𝑆𝑓
1
2
𝑛
 
 
(3.1) 
 
Where: 
𝑉 = 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ )  
𝑅 = 𝐻𝑦𝑑𝑟𝑎𝑢𝑙𝑖𝑐 𝑟𝑎𝑑𝑖𝑢𝑠 (𝑚2) 
𝑆𝑓 = 𝐵𝑒𝑑𝑠𝑙𝑜𝑝𝑒(2% 𝑎𝑠 𝑑𝑒𝑡𝑎𝑖𝑙𝑒𝑑 𝑖𝑛 𝑆𝑒𝑐𝑡𝑖𝑜𝑛 3.4.1) 
𝑛 = 𝑀𝑎𝑛𝑛𝑖𝑛𝑔𝑠 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 𝑐𝑜𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑡 (0.07) 
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The Manning’s equation was used to determine the flow rate for an estimated 
flood depth. The manning’s roughness coefficient used in the model was 0.07, 
the coefficient was determined from observations during the site visit in 
conjunction with (Queensland Urban Drainage Manual 2013). 
 
The Lockyer Valley was subjected to a number of flood events over a short period 
of time, three significant events were the 2009, 2011 and 2013 floods. The 
current culvert design guides suggest that culverts should be built to withstand a 
20-year average reoccurrence interval (Austroads Ltd 2013; Department of 
Transport and Main Roads 2010; Main Road Western Australia 2006). The 
hydrological analysis result at this floodway location indicates 1 m flow depth at 
a 20 year Average Recurrence Interval (ARI) flood event (Wahalathantri 2016).  
This research aims to examine the performance of the culvert at higher flood 
intensities. Therefore, flood depth increments of 250mm is designed between 1 
m and 2 m flood depths for a comprehensive parametric study. The 2m flood 
depth coincides with the expected flood depth for a 100-year average 
reoccurrence interval.  
 
The model flow rate was then calculated from the water velocity. In order to 
calculate the velocity of the water Manning’s equation listed above was used with 
the corresponding flood depth (Nalluri & Featherstone 2009). To use Manning’s 
equation some other parameter must first be defined, these are the bed slope 
and Manning’s roughness coefficient. The bed slope is assumed to be constant 
2% downgrade, which corresponds with the model natural section. The 
manning’s roughness coefficient was determined to be 0.07 which was 
determined from Austroads Ltd (2013).The table below indicates the flood 
velocity with corresponding flood depth by using Manning’s equation.  
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Table 3 - Flood Depth and Velocity 
Flood Depth (m) Velocity (m/s) 
1 2.02 
1.25 2.34 
1.5 2.65 
1.75 2.93 
2 3.21 
2.5 3.72 
3 4.20 
 
The inlet conditions will be dependent on the flood depth. Increasing the flood 
depth will result in increasing velocity as seen above in Table 3, which in turn will 
increase the potential scour. The scour depth will be assessed using the velocity 
at corresponding locations. The critical locations for analysis will be downstream 
within the rock protection and the natural section. The velocity will be measured 
at same points for models with the same geometry to ensure consistency in 
results.   
 
3.4 Model Attributes 
3.4.1 Model Geometry 
The model is based on the above selected LHBR culvert; therefore, the as 
constructed drawings were referred to when developing the geometry of the 
model in conjunction with field measurements. The Figure 13 shows the basic 
layout at the culvert section with flow direction is from left to right. The slope of 
the natural section is taken as 2% as outlined in Section 3.1.  Slopes of the 
upstream rock protection, downstream rock protection and culvert are taken as 
1%, based on the information given in drawings. The culvert cross section 
includes three 1200 mm x 600 mm reinforced concrete box culverts and head 
walls and cut off walls at both upstream and downstream ends. The ANSYS Finite 
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Element software suite will be used to model the culvert and then measure drag 
and lift forces. The fluid calculations will allow scour potential to be analysed 
along with other forces. 
 
Figure 13: Culvert Cross section 
 
The scour at the downstream end of the culvert is expected to be worst at the 
middle box culvert, due to expected maximum flow velocity at the deepest section 
(Raleigh 2015). The velocity at the two outer RCBCs is assumed to be lower than 
that of the middle one. Because of this, a lower scour potential can be expected 
around the outer RCBCs. Based on this hypothesis; this research is limited to the 
middle RCBC for the analysis work of this research to reduce the computational 
cost associated with large models.  
 
The coordinate system of the model was selected in a manner to represent 
longitudinal section of the creek parallel to the X-direction. The model geometry 
was predominantly developed in the XY plane with use of the extrude function.  
The model geometry is constructed by first setting a base point with horizontal 
and vertical dimension constraints from the origin of the default coordinate 
system. This point is then used as the main reference point to create other lines 
on the XY plane. These lines are then constrained with reference to previous 
points and/or lines in a sequential manner. When the sectional view has been 
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created along the XY plane, they are then extruded in the Z direction to create 
the 3D model.  The model geometry can be seen below in Figure 14 in the XY 
plane, Figure 15 illustrates the isometric view once the model has been extruded.   
 
Figure 14 - Model Geometry XY Plane 
 
Figure 15 - Model Geometry Isometric View 
The water flows from left to right in Figure 14, the initial section is 5m of natural 
channel followed by 2m of rock protection which was detailed in the Figure 13. 
The culvert slab extends over a length of 8.5m which includes 1m upstream prior 
to the inlet, 6m culvert barrel length and 1.5m downstream of the outlet. The 
downstream rock protection then extends by 2m which is followed by another 
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5m of natural channel prior to the boundary. The model geometry was created 
with provisions to include changes to slope, length, width and roughness of the 
natural section, rock protection and box culvert. Total of 18 ANSYS models were 
created and run during this study to represent different geometric configurations 
as outlined in section 3.4.2.  
3.4.2 Model Outline 
This chapter analyses the ANSYS fluent results of the 18 models outlined in Table 
6 on individual basis to identify the scour potential at downstream rock protection 
and natural section and drag and lift forces. These 18 models represent different 
culvert geometries and flood intensities. In terms of culvert geometry, the effect 
of culvert length, width and height are being studied. Further, the effect two rock 
protection configurations were studied. Further, these models enable to examine 
the performance of culverts under different flood intensities.  
Table 6 indicates critical parameters of 18 models used in this study. The models 
will have key changes to allow comparison between different parameters. All the 
models were created in a manner to allow scour propagation in the rock 
protection zone and in the natural section. 
 
3.5 Boundary Conditions 
The models are comprised of three major zones these include the inlet zone, 
culvert zone and outlet zone, these can be seen in Figure 16. The boundary 
conditions used within each zone will be listed below. 
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Figure 16 - Model Zones 
3.5.1 Inlet Boundary Conditions 
The model geometry has four inlet zones; the top zone is the ambient air 
pressure. The zone below this is the water depth above the culvert pavement, 
followed by the mid zone which is the same height as the culvert pavement and 
finally the bottom zone which is the height from the invert of the culvert to the 
channel bed.  The fluid flow through the model is determined by the inlet 
conditions, when creating the model, the inlet boundaries were divided into four 
areas, inlet bottom, inlet middle, inlet top and air inlet, which can be seen in 
Figure 17. The inlet bottom, middle and top were set to mass flow inlets, the flow 
for each zone is calculated based on the flood depth and using the area for each 
zone in conjunction with manning’s equation.  
 
Figure 17 - Model Inlet Boundary 
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Table 4 - Inlet Mass Flow Rate 
Flood Depth 
(m) 
Velocity 
(m/s) 
Inlet Bottom 
(kg/s) 
Inlet Middle 
(kg/s) 
Inlet top 
(kg/s) 
Mass Flow rate 
total (kg/s) 
1 2.02 790.58 423.51 197.58 2823.34 
1.25 2.34 917.38 491.45 638.79 4095.24 
1.5 2.65 1035.95 554.96 1183.80 5549.43 
1.75 2.93 1148.07 615.03 1824.44 7175.07 
2 3.21 1254.96 672.29 2554.52 8963.53 
2.5 3.72 1456.25 780.12 4264.41 13001.57 
3 4.20 1644.47 880.95 6283.75 17618.33 
 
3.5.2 Outlet Boundary Conditions 
The downstream boundary consists of four major zones, the outlet bottom, outlet 
middle, outlet top and the air outlets. Each of the outlet zones was set to pressure 
outlet, this simulated the hydrostatic pressure from either the fluid or the air 
depending on the zone. The pressure outlet setting is important as the fluid 
further outside of the model would provide a force which resists the flow of the 
fluid. Failure to include the pressure outside of the boundary would result in 
unviable results that do not accurately simulate the environment. The pressure 
outlet setting was also used in the air outlet top zone, while there was no fluid 
here it would simulate the natural atmospheric pressure. 
 
 
Figure 18 - Outlet Boundary Conditions 
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3.5.3 Side Boundary Conditions 
The model side boundaries are symmetrical; this is due to the middle box in the 
three box culvert being modelled. The side boundaries can therefore be modelled 
as symmetrical; this ensures that whatever the fluid pressure on side boundary 
is simulated on the outside of the boundary.  
 
Figure 19 - Side Boundary Conditions 
3.6 Scour Calculation and Development 
Scour occurs when the flow area of a stream is reduced by natural contraction of 
a stream or by a structure such as a culvert (Federal Highway Administration 
2012b). The scour due to contraction can be estimated using the principle of 
conservation of sediment transport. The maximum scour occurs when the shear 
stress in the sediment bed is less than the shear stress caused by water flow 
which in turn causes sediment transport.  The scour will continue to occur until 
equilibrium is met, this depth is known as maximum scour depth.  When 
determining if scour will occur at a location the critical velocity must first be 
calculated (Federal Highway Administration 2012b). Equation 3.2 shows the 
critical velocity that depends on the  flow depth and particle size (Federal Highway 
Administration 2012b). 
𝑉𝑐 = 6.19 ∗ 𝑦
1 6⁄ ∗ 𝐷50
1 3⁄
 
 
(3.2) 
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Where: 
𝑉𝑐 = 𝐶𝑟𝑖𝑡𝑖𝑐𝑎𝑙 𝑉𝑒𝑙𝑜𝑐𝑖𝑡𝑦 (𝑚 𝑠⁄ ) 
𝑦 = 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑙𝑜𝑤 𝑑𝑒𝑝𝑡ℎ (𝑚) 
𝐷50 = 𝑃𝑎𝑟𝑡𝑖𝑐𝑙𝑒 𝑠𝑖𝑧𝑒 𝑖𝑛 𝑤ℎ𝑖𝑐ℎ 50 𝑝𝑒𝑟𝑐𝑒𝑛𝑡 𝑜𝑓 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠 𝑎𝑟𝑒 𝑠𝑚𝑎𝑙𝑙𝑒𝑟 (𝑚) 
When the velocity exceeds the critical velocity there is a scour potential occurring 
in the location, which is more specifically called as live-bed scour (Garg 2005).  
Therefore, the velocity along the longitudinal section is monitored to examine 
scour potential and to define zones with high scour potential. The scour depth is 
then introduced following a trial and error process, until the flow velocity becomes 
smaller than the critical velocity. The scour depth that brings the flow velocity 
lower than the critical velocity is taken as the maximum scour depth as predicted 
from the ANSYS. Austroads Ltd (2013), states that the length of the scour is 
typically six times that of the scour depth.  
 
The inlet velocity will be calculated using Manning’s equation. The inlet conditions 
will be dependent on the flood depth. Increasing the flood depth will result in 
increasing velocity, which in turn will increase the potential scour. The scour 
depth will be assessed using the velocity at corresponding locations. The critical 
locations for analysis will be downstream within the rock protection and the 
natural section. The velocity will be measured at same points for models with the 
same geometry to ensure consistency in results.  In the out of plane direction the 
velocity will be measured in the centre, in the flow direction the velocity will be 
measured just below the surface of water where highest velocity is expected.   
 
The potential scour can be determined by calculating the critical velocity required 
to transport sediment (Federal Highway Administration 2012b). The critical 
velocity equation defined in equation (3.2) used to evaluate the scour potential.  
The key parameters are the average flow depth and the particle size. The average 
depth of flow will be the flood depth, the rock protection detailed in the drawings 
indicated that a D50 of 550mm was the minimum requirement, the natural section 
of the channel is assumed to have a D50 of 100mm in the absence of quality data. 
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Table 5 defines the critical velocity for rock protection and natural section, based 
on the flood depth. If this velocity is exceeded in this location, there is the 
possibility of scour in that location.  
 
Table 5 - Critical Velocities 
Average Flow Depth Rock Protection Critical 
Velocity (Vcr) (m/s) 
Natural Section (Vcr) 
(m/s) 
1 5.072 2.873 
1.25 5.264 2.982 
1.5 5.426 3.074 
1.75 5.567 3.154 
2 5.693 3.225 
2.5 5.908 3.347 
3 6.091 3.450 
 
Table 5 indicates that the rock protection requires a much greater velocity to 
move the particle compared to the natural section. As the rock protection is 
placed specifically to withstand scour any exceedance of the rock protection will 
indicate that current design guidelines are inadequate.  
 
The models must then determine the velocity at critical locations. The research 
concentrates on the locations downstream of the culvert as this is where the 
critical velocities are likely to occur. This is due to the contraction in water flow 
area coupled with the concrete smoothness offering less resistance to slow the 
flow velocity. All the models have been created with monitors, these record the 
flow at each time step. The monitors have been setup at the critical locations and 
will be further defined in each model. The monitors can be seen in the Figure 20 
below; each monitor is indicated by the yellow crosshair. There are 11 monitoring 
points along the downstream rock protection at equal intervals of 200mm. They 
are named as DSRP 1 – DSRP 11from left end to the right end. Similarly, there 
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are 11 monitoring points along the downstream natural section at intervals of 
300mm, namely, DSNS 1 0 DSNS 11 from left to right. 
 
Figure 20 - Model Velocity Locations (DSRP: Downstream rock protection, DSNS: 
Downstream natural section) 
 
3.7 Drag and Lift Forces 
The drag forces will be calculated using the AS 5100.2-2004 as detailed in section 
2.7. The models will be setup to include the drag forces along the same culvert 
faces.  This will allow a comprehensive analysis and comparison of hydro-dynamic 
forces estimated from the ANSYS Fluent and the Australian Bridge Standard 
(2004). 
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CHAPTER 4. ANALYSIS OF RESULTS 
This chapter analyses the ANSYS fluent results of the 18 models outlined in Table 
6 on individual basis to identify the scour potential at downstream rock protection 
and natural section and drag and lift forces. These 18 models represent different 
culvert geometries and flood intensities. In terms of culvert geometry, the effect 
of culvert length, width and height are being studied. Further, the effect two rock 
protection configurations were studied. Further, these models enable to examine 
the performance of culverts under different flood intensities.  
Table 6 - Model Critical Parameters 
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M01 1m         
M02 1m         
M03 1m         
M04  1m         
M05 1m         
M06 1m         
M07 1.25m         
M08 2m         
M09 2m         
M10 2m         
M11 2m         
M12 2m         
M13 2m         
M14 2m         
M15 1.5m         
M16 1.75m         
M17 2.5m         
M18 3m         
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4.1 Model M01 
The model M01 is a full model of the standard 1200 mm x 600 mm x 6 m (width 
x depth x length) RCBC. The minimum flood depth of 1 m was introduced to this 
model to study the performance of the RCBC at the expected 20-year recurrence 
interval flood. Summary of key parameters are listed in Table 7. This model 
therefore simulates the initial flood conditions with the geometry detailed in 
drawings without taking into account any scour or geometry changes. This model 
further helps to establish the initial run time of ANSYS fluent models. 
Table 7 – M01 Parameters 
Parameter Details 
Middle Box Whole box, size 1200mmx600mm RC 
BOX  
Scour Condition Prior to any scour occurring 
Rock Protection Flat condition 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1 m 2.02 m/s 
Scour Potential (Critical Velocity) Rock Protection 
(Vcr) 
Natural Section 
(Vcr) 
5.072 m/s 2.873 m/s 
4.1.1 Velocity Profile 
Figure 21 indicates the air volume fraction at the mid-section of the culvert. The 
air volume fraction of 1 indicates that the relevant portion of the model is 
completely consists with air (red zone). The air volume fraction of 0 as indicated 
by dark blue area indicates that the relevant portion is completely consists with 
water. The variation of the velocity profile with time was monitored to determine 
the initial model stabilization time, which indicated that the flow condition 
becomes stable at about 150 s. Therefore, the results were extracted at 150 s 
analysis time. The model results do not indicate the formation of a hydraulic jump 
 Analysis of Culvert during Extreme Flood events 
 
 
 39 
 
around the downstream rock protection, as would expect in real condition. This 
was identified as a drawback of the current ANSYS fluent provision, when 
analysing the performance of open channel flow. However, the analysis was 
continued to study the maximum scour potential and associated drag and lift 
forces.  
 
Figure 21 – M01 - Velocity Profile 
 
4.2.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 22 – M01 Rock Protection - Velocity shows the velocity vs time at 
10 monitoring points along the downstream rock protection. Based on this figure, 
the maximum flow velocity at the downstream rock protection structure is 
estimated as 3.75 m/s. According to table ## the critical velocity should be 5.072 
m/s at this flow depth should be around 5.072 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 22 – M01 Rock Protection - Velocity 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 23 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 23, 
a maximum flow velocity of 4 m/s was estimated around this zone, which exceeds 
the critical velocity of 2.873 m/s for a D50 of 100 mm. Therefore, the flow velocity 
has clearly exceeded the critical velocity, indicating a potential for scour in this 
zone.  
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Figure 23 – M01 Natural Section - Velocity 
4.1.2 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1197.8N. The Figure 24 shows the variation of drag forces vs 
flow time, as obtained from the ANSYS fluent analysis. The drag force was 
obtained after the stabilization period of 150 s. The ANSYS fluent results indicate 
1476 N of drag force, which is greater than the Australian Bridge standard of 
1197 N (Standards Australia 2004).  
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Figure 24 – M01 Drag Force 
The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17142N by comparison 
the -96000N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
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Figure 25 – M01 - Lift Forces 
Table 8 shows the summary of main findings from the model M01, in terms of 
scour potential and drag and lift forces. 
Table 8 - M01 Results Summary 
 M01 Comments 
Rock Protection (Vcr) 5.072 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
3.75 m/s 
Natural Section (Vcr) 2.873 m/s Velocity in the natural section is 
greater than critical velocity, potential 
for scour to occur 
Natural Section Velocity 4 m/s 
Drag Force AS 5100.2 1197.8N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 1476N 
Lift Force AS 5100.2 -17142N The lift force calculated from AS 
5100.2 is much less than ANSYS Lift Force ANSYS -95619N 
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4.2 Model M02 
The model M02 is similar to M01 of the standard 1200 mm x 600 mm x 6m (width 
x depth x length) RCBC. A summary of key parameters is listed in in Table 9. The 
purpose of M02 is to simulate the initial flood conditions with the geometry 
observed during site visit prior to any scour taking place. The primary difference 
is the elevated rock protection which was seen to be 300mm above the obvert of 
the outlet of the culvert which can be seen in Figure 26. 
Table 9 – M02 Parameters 
Parameter Details 
Middle Box Whole box, size 1200mmx600mm RC 
BOX  
Scour Condition Prior to any scour occurring 
Rock Protection 300mm Elevation 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1 m 2.02 m/s 
Scour Potential (Critical Velocity) Rock Protection 
(Vcr) 
Natural Section 
(Vcr) 
5.072 m/s 2.873 m/s 
 
4.2.1 Velocity Profile 
Figure 26 indicates the air volume fraction at the mid-section of the culvert. The 
variation of the velocity profile with time was monitored to determine the initial 
model stabilization time, which indicated that the flow condition becomes stable 
at about 150 s. The flow again does not appear to have had a hydraulic jump 
occur downstream of the culvert.  
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Figure 26 – M02 - Velocity Profile 
4.2.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 27 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 2.72 m/s, the rock 
protection has a critical velocity of 5.072 m/s. Therefore, it was concluded that 
there is no scour potential around the downstream rock protection when using 
rocks with D50 of 550mm at this flood intensity. 
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Figure 27 – M02 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 27 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 70, 
a maximum flow velocity of 3.48 m/s was estimated around this zone, which 
exceeds the critical velocity of 2.873 m/s for a D50 of 100 mm. Therefore, the 
flow velocity has clearly exceeded the critical velocity, indicating a potential for 
scour in this zone. 
4.2.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1197.8N. The drag force was obtained after the stabilization 
period of 150 s. The ANSYS fluent results indicate 1476 N of drag force, which is 
greater than the Australian Bridge standard of 1197 N (Standards Australia 2004).  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17142N by comparison 
the -11475N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces.  
Table 10 show the summary of the main finding from model M02, in terms of 
scour potential, drag and lift forces. 
Table 10 - M02 Results Summary 
 M02 Comments 
Rock Protection (Vcr) 5.072 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
2.72 m/s 
Natural Section (Vcr) 2.873 m/s Velocity in the natural section is 
greater than critical velocity, potential 
for scour to occur 
Natural Section Velocity 3.48 m/s 
Drag Force AS 5100.2 1197.8N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 1476N 
Lift Force AS 5100.2 -17142N The lift force calculated from AS 
5100.2 is much less than ANSYS Lift Force ANSYS -114751N 
  
 Analysis of Culvert during Extreme Flood events 
 
 
 48 
 
4.3 Model M03 
The model M03 is a full model of the standard 1200 mm x 600 mm x 6 m (width 
x depth x length) RCBC. The minimum flood depth of 1 m was introduced to this 
model to study the performance of the RCBC at the expected 20-year recurrence 
interval flood. Summary of key parameters are listed in Table 11. This model 
therefore simulates the flood conditions with 500mm of scour in the natural 
section. 
Table 11 – M03 Parameters 
Parameter Details 
Middle Box Whole box, size 1200mmx600mm RC 
BOX  
Scour Condition 500mm scour  
Rock Protection 300mm Elevation 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1 m 2.02 m/s 
Scour Potential (Critical Velocity) Rock Protection 
(Vcr) 
Natural Section 
(Vcr) 
5.072 m/s 2.873 m/s 
 
4.3.1 Velocity Profile 
Figure 19 indicates the air volume fraction at the mid-section of the culvert. The 
air volume fraction of 1 indicates that the relevant portion of the model is 
completely consists with air (red zone). The air volume fraction of 0 as indicated 
by dark blue area indicates that the relevant portion is completely consists with 
water. The variation of the velocity profile with time was monitored to determine 
the initial model stabilization time, which indicated that the flow condition 
becomes stable at about 150 s. Therefore, the results were extracted at 150 s 
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analysis time. The model results do not indicate the formation of a hydraulic jump 
around the downstream rock protection, as would expect in real condition. 
 
Figure 28 – M03 - Velocity Profile 
4.3.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 73 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 2.85 m/s. The critical 
velocity at this flow depth should be around 5.072 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 29 – M03 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 74 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 74, 
a maximum flow velocity of 2.95 m/s was estimated around this zone, which 
exceeds the critical velocity of 2.873 m/s for a D50 of 100 mm. Therefore, the 
flow velocity has exceeded the critical velocity, indicating a potential for scour in 
this zone.  The potential for scour however, is reducing with the increase in scour 
depth therefore an assumption could be made that maximum scour depth is 
approaching. 
4.3.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1197.8N. The Figure 75 shows the variation of drag forces vs 
flow time, as obtained from the ANSYS fluent analysis. The drag force was 
obtained after the stabilization period of 150 s. The ANSYS fluent results indicate 
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1557.8 N of drag force, which is greater than the Australian Bridge standard of 
1197.8 N (Standards Australia 2004).  
The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17142N by comparison 
the -114045N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 12 show the summary of the main findings from the model M03, in terms 
of scour potential, darg and lift forces. 
Table 12 - M03 Results Summary 
 M03 Comments 
Rock Protection (Vcr) 5.072 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
2.85 m/s 
Natural Section (Vcr) 2.873 m/s Velocity in the natural section is 
greater than critical velocity, potential 
for scour to occur 
Natural Section Velocity 2.95 m/s 
Drag Force AS 5100.2 1197.8N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 1577N 
Lift Force AS 5100.2 -17142N The lift force calculated from AS 
5100.2 is much less than ANSYS Lift Force ANSYS -114045N 
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4.4  Model M04 
The model M04 is a full model of the standard 1200 mm x 600 mm x 6 m (width 
x depth x length) RCBC. The minimum flood depth of 1 m was introduced to this 
model to study the performance of the RCBC at the expected 20-year recurrence 
interval flood. Summary of key parameters are listed in Table 13. This model 
therefore simulates further scour with the scour depth increased to 750mm.  
Table 13 – M04 Parameters 
Parameter Details 
Middle Box Whole box, size 1200mmx600mm RC 
BOX  
Scour Condition 750mm scour  
Rock Protection 300mm Elevation 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1 m 2.02 m/s 
Scour Potential (Critical Velocity) Rock Protection 
(Vcr) 
Natural Section 
(Vcr) 
5.072 m/s 2.873 m/s 
 
4.4.1 Velocity Profile 
Figure 30 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 150secs at this flow condition the model has 
reached steady non uniform flow (Nalluri & Featherstone 2009). The flow velocity 
observations indicate that the flow is supercritical however, at the model 
boundary there is an indication that the flow depth is increasing.  
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Figure 30 – M04 - Velocity Profile 
4.4.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 77 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 2.65 m/s. The critical 
velocity this flow depth should be around 5.072 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 31 – M04 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 77shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 77, 
a maximum flow velocity of 4 m/s was estimated around this zone, which exceeds 
the critical velocity of 2.873 m/s for a D50 of 100 mm. Therefore, the flow velocity 
has clearly exceeded the critical velocity, indicating a potential for scour in this 
zone.  
4.4.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1197.8N. The Figure 79 shows the variation of drag forces vs 
flow time, as obtained from the ANSYS fluent analysis. The drag force was 
obtained after the stabilization period of 150 s. The ANSYS fluent results indicate 
1549.6 N of drag force, which is greater than the Australian Bridge standard of 
1197 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17142N by comparison 
the -29828.6N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 14 shows the summary of main findings from the model M04 in terms of 
scour potential, drag and lift forces. 
Table 14 - M04 Results Summary 
 M04 Comments 
Rock Protection (Vcr) 5.072 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
2.65 m/s 
Natural Section (Vcr) 2.873 m/s Velocity in the natural section is less 
than critical velocity, max scour depth 
reached 
Natural Section Velocity 2.755 m/s 
Drag Force AS 5100.2 1197.8N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 1549N 
Lift Force AS 5100.2 -17142N The lift force calculated from AS 
5100.2 is much less than ANSYS Lift Force ANSYS -29825N 
 
  
 Analysis of Culvert during Extreme Flood events 
 
 
 56 
 
4.5 Model M05 
The model M05 is a model of half box standard 1200 mm x 600 mm x 6 m (width 
x depth x length) RCBC. The minimum flood depth of 1 m was introduced to this 
model to study the performance of the RCBC at the expected 20-year recurrence 
interval flood. Summary of key parameters are listed in Table 15. This model 
therefore simulates the initial flood conditions with the geometry detailed in 
drawings without taking into account any scour or geometry changes. This model 
is to validate if the symmetrical boundary conditions can be applied to half a 
RCBC. 
Table 15 – M05 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No scour  
Rock Protection No Elevation in Rock Protection 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1 m 2.02 m/s 
Scour Potential (Critical Velocity) Rock Protection 
(Vcr) 
Natural Section 
(Vcr) 
5.072 m/s 2.873 m/s 
4.5.1 Velocity Profile 
Figure 30 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 150secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 32 – M05 - Velocity Profile 
4.5.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 81 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 3.75 m/s. The critical 
velocity this flow depth should be around 5.072 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. Therefore, the velocity in the rock protection zone is identical to 
M01. 
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Figure 33 -M05 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 82 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 82, 
a maximum flow velocity of 4 m/s was estimated around this zone, which exceeds 
the critical velocity of 2.873 m/s for a D50 of 100 mm. Therefore, the flow velocity 
has clearly exceeded the critical velocity, indicating a potential for scour in this 
zone.  The velocity in the natural section is identical to the results in M01. 
 
4.5.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1197.8N. Figure 83 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 150 s. The ANSYS fluent results indicate  
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1281.4 N of drag force, which is greater than the Australian Bridge standard of 
1197 N.  
 
The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17142N by comparison 
the -10201N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 16 shows the summary of main findings from the model M05 in terms of 
scour potential, drag and lift forces. 
 
Table 16 - M05 Results Summary 
 M05 Comments 
Rock Protection (Vcr) 5.072 m/s Velocity in the rock protection zone is 
less than the critical velocity 
therefore no scour is expected 
Rock Protection  
Velocity 
3.75 m/s 
Natural Section (Vcr) 2.873 m/s Velocity in the natural section is 
greater than critical velocity, 
potential scour can occur 
Natural Section Velocity 4 m/s 
Drag Force AS 5100.2 1197.8N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 1281.4N 
Lift Force AS 5100.2 -17142N The lift force calculated from AS 
5100.2 is much less than ANSYS Lift Force ANSYS -10201.9N 
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4.6 Model M06 
The model M06 is a model of half box standard 1200 mm x 600 mm x 6 m (width 
x depth x length) RCBC. The minimum flood depth of 1 m was introduced to this 
model to study the performance of the RCBC at the expected 20-year recurrence 
interval flood. Summary of key parameters are listed in Table 17. This model 
simulates a scour depth of 750mm. This model is to validate if the symmetrical 
boundary conditions can be applied to half a RCBC. 
 
Table 17 – M06 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition 750mm Scour Depth  
Rock Protection 300mm Elevation in Rock Protection 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1 m 2.02 m/s 
Scour Potential (Critical Velocity) Rock Protection 
(Vcr) 
Natural Section 
(Vcr) 
5.072 m/s 2.873 m/s 
 
4.6.1 Velocity Profile 
Figure 85 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 150secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 34 – M06 - Velocity Profile 
4.6.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 85 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 2. 5 m/s. The critical 
velocity this flow depth should be around 5.072 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 35 – M06 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 86 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 86, 
a maximum flow velocity of 1.9 m/s was estimated around this zone, which does 
not exceed the critical velocity of 2.873 m/s for a D50 of 100 mm. Therefore, the 
flow velocity has not exceeded the critical velocity, indicating no potential for 
scour in this zone.  
4.6.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1197.8N. Figure 88 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 150 s. The ANSYS fluent results indicate  
1267.9 N of drag force, which is greater than the Australian Bridge standard of 
1197 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17142 N by comparison 
the -16735 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 18 shows the summary of main findings from the model M06 in terms of 
scour potential, drag and lift forces. 
 
Table 18 - M06 Results Summary 
 M06 Comments 
Rock Protection (Vcr) 5.072 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
2. 5 m/s 
Natural Section (Vcr) 2.873 m/s Velocity in the natural section is less 
than critical velocity, max scour depth 
reached 
Natural Section Velocity 1.9 m/s 
Drag Force AS 5100.2 1197.8N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 1267N 
Lift Force AS 5100.2 -17142N The lift force calculated from AS 
5100.2 is much greater than ANSYS Lift Force ANSYS -16735N 
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4.7 Model M07 
The model M07 is a model of half box standard 1200 mm x 600 mm x 6 m (width 
x depth x length) RCBC. The flood depth of 1.25 m was introduced to this model 
to study the performance of the RCBC at a higher than expected 20-year 
recurrence interval flood. Summary of key parameters are listed in Table 19. This 
model simulates a scour depth of 750mm.  
Table 19 – M07 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition 750mm Scour Depth  
Rock Protection 300mm Elevation in Rock Protection 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1.25 m 2.34 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.264 m/s 2.982 m/s 2.982 m/s 
 
4.7.1 Velocity Profile 
Figure 36 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 150secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 36 – M07 - Velocity Profile 
4.7.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 90 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 3.4 m/s. The critical 
velocity this flow depth should be around 5.264 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 37 – M07 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 91 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 91, 
a maximum flow velocity of 3.45 m/s was estimated around this zone, which 
exceeds the critical velocity of 2.982 m/s for a D50 of 100 mm. Therefore, the 
flow velocity has clearly exceeded the critical velocity, indicating a potential for 
scour in this zone.  
4.7.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 1958.5 N. Figure 93 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 150 s. The ANSYS fluent results indicate  
1956.8 N of drag force, which is greater than the Australian Bridge standard of 
1958.5 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -18466 N by comparison 
the -21991.7 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 20 shows the summary of main findings from the model M07 in terms of 
scour potential, drag and lift forces. 
 
Table 20 - M07 Results Summary 
 M07 Comments 
Rock Protection (Vcr) 5.264 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
3.4 m/s 
Natural Section (Vcr) 2.982 m/s Velocity in the natural section is 
greater than critical velocity, potential 
scour 
Natural Section Velocity 3.45 m/s 
Ext Natural Section 
Velocity 
3.7 m/s Velocity is greater than critical 
velocity, potential scour 
Drag Force AS 5100.2 1958.5N The Drag force calculated from 
AS5100.2 force is greater than ANSYS Drag Force ANSYS 1956.8N 
Lift Force AS 5100.2 -18466N The lift force calculated from AS 
5100.2 is much less than ANSYS Lift Force ANSYS -21991N 
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4.8 Model M08 
The model M08 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth of 2 m was introduced to this 
model to study the performance of the RCBC at the expected 100-year recurrence 
interval flood. Summary of key parameters are listed in Table 21. 
Table 21 – M08 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition 750mm Scour Depth  
Rock Protection 300mm Elevation in Rock Protection 
Roughness No roughness included in this model 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.8.1 Velocity Profile 
Figure 38 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow does not include a hydraulic 
jump.  
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Figure 38 – M08 - Velocity Profile 
4.8.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 95 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 4.175 m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 39 – M08 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 96 shows the velocity 
vs. time at 10 monitoring points along this natural section. Based on Figure 96, 
a maximum flow velocity of 4.2 m/s was estimated around this zone, which 
exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, the 
flow velocity has clearly exceeded the critical velocity, indicating a potential for 
scour in this zone.  
4.8.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3665.2 N. Figure 98 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate  
3609.6 N of drag force, which is greater than the Australian Bridge standard of 
3665.2 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17278.9N by comparison 
the -40746.4N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 22 shows the summary of main findings from the model M08 in terms of 
scour potential, drag and lift forces. 
 
Table 22 - M08 Results Summary 
 M08 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
4.175 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is greater 
than critical velocity, potential scour Natural Section Velocity 4.2 m/s 
Ext Natural Section 
Velocity 
3.7 m/s Velocity is greater than critical velocity, 
potential scour 
Drag Force AS 5100.2 3665N The Drag force calculated from 
AS5100.2 force is greater than ANSYS Drag Force ANSYS 3609N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 5100.2 
is much less than ANSYS Lift Force ANSYS -40746N 
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4.9 Model M09 
The model M09 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth of 2 m was introduced to this 
model to study the performance of the RCBC at the expected 100-year recurrence 
interval flood. Summary of key parameters are listed in Table 23. The purpose of 
M09 is to understand the effect of roughness within the model. The model has 
been created identically to M08 however soil and concrete roughness have been 
included. 
Table 23 - M09 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition 750mm Scour Depth  
Rock Protection 300mm Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.9.1 Velocity Profile 
Figure 40 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the there is no hydraulic jump.  
  
 
 Analysis of Culvert during Extreme Flood events 
 
 
 73 
 
 
Figure 40 – M09 - Velocity Profile 
4.9.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 100 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 4.25 m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 41 – M09 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 101 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 101, a maximum flow velocity of 4.2 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.9.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3665.2N. Figure 103 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 3753 N 
of drag force, which is greater than the Australian Bridge standard of 3665.2 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17278.9 N by comparison 
the -44024.6N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 24 shows the summary of main findings from the model M09 in terms of 
scour potential, drag and lift forces. 
Table 24 - M09 Results Summary 
 M09 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity 
therefore no scour is expected 
Rock Protection  
Velocity 
4.25 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is 
greater than critical velocity, 
potential scour 
Natural Section Velocity 4.2 m/s 
Ext Natural Section 
Velocity 
4.2 m/s Velocity is greater than critical 
velocity, potential scour 
Drag Force AS 5100.2 3665N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 3753N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 
5100.2 is less than ANSYS Lift Force ANSYS -44024N 
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4.10 Model M10 
The model M10 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth of 2 m was introduced to this 
model to study the performance of the RCBC at the expected 100-year recurrence 
interval flood. Summary of key parameters are listed in Table 25.  
Table 25 - M10 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.10.1 Velocity Profile 
Figure 42 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow at the culvert outlet is 
supercritical however, at the model boundary there is an indication that the flow 
depth is increasing.  
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Figure 42 – M10 - Velocity Profile 
4.10.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 105 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 5.2 m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 43 – M10 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 106 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 106, a maximum flow velocity of 5.25 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
4.10.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3665.2 N. Figure 108 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate  
4443.5 N of drag force, which is greater than the Australian Bridge standard of 
1197 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17278.9 N by comparison 
the -17134 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 26 shows the summary of main findings from the model M10 in terms of 
scour potential, drag and lift forces. 
Table 26 - M10 Results Summary 
 M10 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
5.2 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is 
greater than critical velocity, potential 
scour 
Natural Section Velocity 5.25 m/s 
Ext Natural Section 
Velocity 
5.2 m/s Velocity is greater than critical 
velocity, potential scour 
Drag Force AS 5100.2 3665N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 4443N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 
5100.2 is greater than ANSYS Lift Force ANSYS -17134N 
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4.11 Model M11  
The model M11 is a half box model of a smaller 1200 mm x 450 mm x 6 m (width 
x depth x length) RCBC. The flood depth of 2 m was introduced to this model to 
study the performance of the RCBC at the expected 100-year recurrence interval 
flood. Summary of key parameters are listed in Table 27.  
 
Table 27 – M11 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx450mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.11.1 Velocity Profile 
Figure 44 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 44 – M11 - Velocity Profile 
4.11.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 110 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 5.2 m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 45 – M11 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 111 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 77, a maximum flow velocity of 5.2 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
4.11.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3557.4 N. Figure 113 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate  
4803.7 N of drag force, which is greater than the Australian Bridge standard of 
3557.4 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17277.9 N by comparison 
the -16468 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
 
Table 28 shows the summary of main findings from the model M11 in terms of 
scour potential, drag and lift forces. 
 
Table 28 - M11 Results Summary 
 M11 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
5.2 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is greater 
than critical velocity, potential scour Natural Section Velocity 5.2 m/s 
Ext Natural Section 
Velocity 
5.25 m/s Velocity is greater than critical velocity, 
potential scour 
Drag Force AS 5100.2 3557N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 4803N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 5100.2 
is greater than ANSYS Lift Force ANSYS -16468N 
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4.12 Model M12 
The model M12 is a half box model of a larger 1200 mm x 900 mm x 6 m (width 
x depth x length) RCBC. The flood depth of 2 m was introduced to this model to 
study the performance of the RCBC at the expected 100-year recurrence interval 
flood. Summary of key parameters are listed in Table 29.  
 
Table 29 - M12 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx900mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.12.1 Velocity Profile 
Figure 46 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is slightly increasing.  
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Figure 46 – M12 - Velocity Profile 
4.13 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 115 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 4.95 m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 47 – M12 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 116 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 116, a maximum flow velocity of 4.9 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
4.13.1 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3880.8 N. Figure 123 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate  
3531.7 N of drag force, which is greater than the Australian Bridge standard of 
3880.8 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17277 N by comparison 
the -14240 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 30 shows the summary of main findings from the model M12 in terms of 
scour potential, drag and lift forces. 
 
Table 30 - M12 Results Summary 
 M12 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
4.95 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is greater 
than critical velocity, potential scour Natural Section Velocity 4.95 m/s 
Ext Natural Section 
Velocity 
4 m/s Velocity is less than critical velocity, no 
potential scour 
Drag Force AS 5100.2 3880N The Drag force calculated from 
AS5100.2 force is greater than ANSYS Drag Force ANSYS 3531N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 5100.2 
is greater than ANSYS Lift Force ANSYS -14240N 
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4.14 Model M13 
The model M13 is a half box model of the as constructed drawing which had 1200 
mm x 900 mm x 4.5 m (width x depth x length) RCBC. The flood depth of 2 m 
was introduced to this model to study the performance of the RCBC at the 
expected 100-year recurrence interval flood. Summary of key parameters are 
listed in Table 31. 
 
Table 31 – M13 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.14.1 Velocity Profile 
Figure 48 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 48 – M13 - Velocity Profile 
4.14.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 120 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 5.15m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 49 – M13 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 120 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 77, a maximum flow velocity of 5.25 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.14.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3665 N. Figure 123 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 3962 N 
of drag force, which is greater than the Australian Bridge standard of 3665 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17298.2 N by comparison 
the -13045 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 32 shows the summary of main findings from the model M13 in terms of 
scour potential, drag and lift forces. 
 
Table 32 - M13 Results Summary 
 M13 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
5.15 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is greater 
than critical velocity, potential scour Natural Section Velocity 5.25 m/s 
Ext Natural Section 
Velocity 
5.2 m/s Velocity is less than critical velocity, no 
potential scour 
Drag Force AS 5100.2 3665N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 3962N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 5100.2 
is greater than ANSYS Lift Force ANSYS -13045N 
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4.15 Model M14 
The model M14 is a half box model including increased pavement width of  
7.5 m, 1200 mm x 900 mm x 4.5 m (width x depth x length) RCBC. The flood 
depth of 2 m was introduced to this model to study the performance of the RCBC 
at the expected 100-year recurrence interval flood. Summary of key parameters 
are listed in Table 33. 
Table 33 - M14 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2 m 3.207 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.693 m/s 3.225 m/s 3.225 m/s 
 
4.15.1 Velocity Profile 
Figure 50 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 50 – M14 - Velocity Profile 
4.15.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 125 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 5.25 m/s. The critical 
velocity this flow depth should be around 5.693 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 51 - M14 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 131 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 131, a maximum flow velocity of 5.3 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.225 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.15.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3665N. Figure 128 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 4261 N 
of drag force, which is greater than the Australian Bridge standard of 3665 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -17298N by comparison 
the -20752N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 34 shows the summary of main findings from the model M14 in terms of 
scour potential, drag and lift forces. 
 
Table 34 - M14 Results Summary 
 M14 Comments 
Rock Protection (Vcr) 5.693 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
5.25 m/s 
Natural Section (Vcr) 3.225 m/s Velocity in the natural section is 
greater than critical velocity, potential 
scour 
Natural Section Velocity 5.3 m/s 
Ext Natural Section 
Velocity 
5.2 m/s Velocity is less than critical velocity, no 
potential scour 
Drag Force AS 5100.2 3665N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 4261N 
Lift Force AS 5100.2 -17278N The lift force calculated from AS 
5100.2 is less than ANSYS Lift Force ANSYS -20752N 
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4.16 Model M15  
The model M15 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth was increased to 1.5 m to study 
the performance of the RCBC at higher than 20-year recurrence interval flood. 
Summary of key parameters are listed in Table 35.  
Table 35 - M15 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1.5 m 2.65 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.426 m/s 3.074 m/s 3.074 m/s 
 
4.16.1 Velocity Profile 
Figure 52 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 52 - M15 - Velocity Profile 
4.16.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 130 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 4.32 m/s. The critical 
velocity this flow depth should be around 5.426 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 53 - M15 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 131 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 131, a maximum flow velocity of 4.35 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.074 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.16.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 2502 N. Figure 133 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 3053 N 
of drag force, which is greater than the Australian Bridge standard of 2502 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -11797.8 N by comparison 
the -11154 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 36 shows the summary of main findings from the model M15 in terms of 
scour potential, drag and lift forces. 
 
Table 36 - M15 Results Summary 
 M15 Comments 
Rock Protection (Vcr) 5.426 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
4.32 m/s 
Natural Section (Vcr) 3.074 m/s Velocity in the natural section is 
greater than critical velocity, potential 
scour 
Natural Section Velocity 4.35 m/s 
Ext Natural Section 
Velocity 
3.8 m/s Velocity is less than critical velocity, no 
potential scour 
Drag Force AS 5100.2 2502N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 3053N 
Lift Force AS 5100.2 -11797N The lift force calculated from AS 
5100.2 is greater than ANSYS Lift Force ANSYS -11154N 
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4.17 Model M16  
The model M16 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth was increased to 1.75 m to study 
the performance of the RCBC at an increased recurrence interval flood. Summary 
of key parameters are listed in Table 37.  
 
Table 37 - M16 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
1.75 m 2.93 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.567 m/s 3.154 m/s 3.154 m/s 
4.17.1 Velocity Profile 
Figure 54 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 54 - M16 - Velocity Profile 
4.17.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 135 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 4.555 m/s. The critical 
velocity this flow depth should be around 5.567 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 55 - M16 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 136 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 136, a maximum flow velocity of 4.54 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.154m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.17.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3067 N. Figure 138 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 3619 N 
of drag force, which is greater than the Australian Bridge standard of 3067 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -14461 N by comparison 
the -14263 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 38 shows the summary of main findings from the model M16 in terms of 
scour potential, drag and lift forces. 
Table 38 - M16 Results Summary 
 M16 Comments 
Rock Protection (Vcr) 5.567 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
4.55 m/s 
Natural Section (Vcr) 3.154 m/s Velocity in the natural section is greater 
than critical velocity, potential scour Natural Section Velocity 4.54 m/s 
Ext Natural Section 
Velocity 
4 m/s Velocity is greater than critical velocity, 
potential scour 
Drag Force AS 5100.2 3067N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 3619N 
Lift Force AS 5100.2 -14460N The lift force calculated from AS 5100.2 
is greater than ANSYS Lift Force ANSYS -14263N 
 
  
 Analysis of Culvert during Extreme Flood events 
 
 
 104 
 
4.18 Model M17  
The model M17 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth was increased to 2.5 m to study 
the performance of the RCBC at an increased recurrence interval flood. Summary 
of key parameters are listed in Table 39.  
 
Table 39 - M17 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
2.5 m 3.72 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
5.91 m/s 3.34 m/s 3.34 m/s 
 
4.18.1 Velocity Profile 
Figure 56 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 56 - M17 - Velocity Profile 
4.18.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 140 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 5.7 m/s. The critical 
velocity this flow depth should be around 5.91 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 57 - M17 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 141 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 141, a maximum flow velocity of 5.8 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.34 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.18.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3067 N. Figure 143 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 3619 N 
of drag force, which is greater than the Australian Bridge standard of 3067 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -14461 N by comparison 
the -14263 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
 
Table 40 shows the summary of main findings from the model M17 in terms of 
scour potential, drag and lift forces. 
 
Table 40 - M17 Results Summary 
 M17 Comments 
Rock Protection (Vcr) 5.91 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
5.7 m/s 
Natural Section (Vcr) 3.34 m/s Velocity in the natural section is 
greater than critical velocity, potential 
scour 
Natural Section Velocity 5.8 m/s 
Ext Natural Section 
Velocity 
5.8 m/s Velocity is greater than critical 
velocity, potential scour 
Drag Force AS 5100.2 3067N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 3619N 
Lift Force AS 5100.2 -14460N The lift force calculated from AS 
5100.2 is greater than ANSYS Lift Force ANSYS -14263N 
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4.19  Model M18  
The model M18 is a half box model of the standard 1200 mm x 600 mm x 6 m 
(width x depth x length) RCBC. The flood depth was increased to 3 m to study 
the performance of the RCBC at an increased recurrence interval flood. Summary 
of key parameters are listed in Table 41.  
 
Table 41 - M18 Parameters 
Parameter Details 
Middle Box half box, size 1200mmx600mm RC BOX  
Scour Condition No Scour  
Rock Protection No Elevation in Rock Protection 
Roughness Concrete Roughness Soil Roughness 
0.003m 0.05m 
Inlet Conditions 
 
Flood Depth Flood Velocity 
3 m 4.202 m/s 
Scour Potential (Critical 
Velocity) 
Rock 
Protection 
(Vcr) 
Natural Section 
(Vcr) 
Extended 
Natural 
Section (Vcr) 
6.091 m/s 3.45 m/s 3.45 m/s 
 
4.19.1 Velocity Profile 
Figure 58 indicates the air volume fraction at the mid-section of the culvert. The 
velocity profile indicates that after 250secs the model has become stable. The 
flow velocity observations indicate that the flow is supercritical however, at the 
model boundary there is an indication that the flow depth is increasing.  
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Figure 58 - M18 - Velocity Profile 
4.19.2 Scour Potential 
The scour potential was assessed with the use of monitors downstream of the 
culvert. Figure 145 shows the velocity vs time at 10 monitoring points along the 
downstream rock protection. Based on this figure, the maximum flow velocity at 
the downstream rock protection structure is estimated as 5.35 m/s. The critical 
velocity this flow depth should be around 6.091 m/s to cause scour at the rock 
protection. Therefore, it was concluded that there is no scour potential around 
the downstream rock protection when using rocks with D50 of 550mm at this 
flood intensity. 
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Figure 59 - M18 - Velocity Summary 
Similar approach was adopted to examine the scour potential of the natural 
section adjacent to the downstream rock protection. Figure 146 shows the 
velocity vs. time at 10 monitoring points along this natural section. Based on 
Figure 146, a maximum flow velocity of 5.8 m/s was estimated around this zone, 
which exceeds the critical velocity of 3.45 m/s for a D50 of 100 mm. Therefore, 
the flow velocity has clearly exceeded the critical velocity, indicating a potential 
for scour in this zone.  
 
4.19.3 Drag and Lift Forces 
This section presents the drag and lift forces from both the AS5100.2-2004 
(Standards Australia 2004) and current ANSYS fluent results to check and verify 
results. The total drag force determined by the AS5100.2-2004 (Standards 
Australia 2004) is 3067 N. Figure 147 shows the variation of drag forces vs flow 
time, as obtained from the ANSYS fluent analysis. The drag force was obtained 
after the stabilization period of 250 s. The ANSYS fluent results indicate 3619 N 
of drag force, which is greater than the Australian Bridge standard of 3067 N.  
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The lift force calculated from the AS5100.2 results in a higher negative force, 
which indicates that the hydrostatic force is greater than the lifting force resulting 
from the water flow.  The result from the AS5100.2 is -14461 N by comparison 
the -14263 N. This indicates the Australian bridge standard tends to 
underestimate the both lift and drag forces. 
 
Table 42 shows the summary of main findings from the model M18 in terms of 
scour potential, drag and lift forces. 
 
Table 42 - M18 Results Summary 
 M18 Comments 
Rock Protection (Vcr) 6.091 m/s Velocity in the rock protection zone is 
less than the critical velocity therefore 
no scour is expected 
Rock Protection  
Velocity 
5.35 m/s 
Natural Section (Vcr) 3.45 m/s Velocity in the natural section is 
greater than critical velocity, potential 
scour 
Natural Section Velocity 5.3 m/s 
Ext Natural Section 
Velocity 
4 m/s Velocity is greater than critical 
velocity, potential scour 
Drag Force AS 5100.2 6293N The Drag force calculated from 
AS5100.2 force is less than ANSYS Drag Force ANSYS 4437N 
Lift Force AS 5100.2 -29669N The lift force calculated from AS 
5100.2 is greater than ANSYS Lift Force ANSYS -22033N 
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CHAPTER 5. DISCUSSION AND CONCLUSION 
In this chapter, results from the analysis section are further discussed to 
understand the effect of different parameters on performance of culverts in terms 
of scour potential and drag and lift forces. Section 5.1 examines how the scour 
potential varies at different flood intensities, rock protection configurations and 
culvert geometry. The section 5.2 examines the variation of different rock 
protection configurations.  The drag force and lift force will be discussed in section 
5.3 and 5.4 respectively under different flood intensities. The box culvert 
configurations and pavement lengths will be discussed further in section 5.5 and 
section 5.6. The limitations of the current research including a direction for future 
research will be addressed in section 5.7.  
5.1 Scour Potential  
Scour potential around the downstream rock protection was studied under 
different geometric configurations and flow conditions. This section discusses the 
effect of different flood intensities on scour potential at downstream zone based 
on results from models, M05, M07, M15, M16, M10, M17 and M18. The flood 
depths for these models are varied at intervals of 0.25 m between 1m and 2m 
and then at 0.5 m intervals between 2m and 3m. Relevant flow discharges are 
calculated using the Manning’s equation to define the inlet boundary condition or 
the mass flow rate to represent differnet flood intensities. ANSYS fluent results 
are used to determine the velocity at downstream rock protection and the natural 
section following the downstream rock protection. Table 43 compares the velocity 
at the downtream rock protection against the critical velocity and identifes that 
there is no scour potential in this zone. However, there is a scour potential at the 
downstrem natural section as indicated in Table 44.  
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Table 43 - Results Rock Protection Scour Potential 
Model Flood Depth 
(m) 
Critical 
Velocity (m/s) 
Recorded 
Velocity 
Comments 
M05 1 5.072 3.75 No Scour 
M07 1.25 5.264 3.6 No Scour 
M15 1.5 5.426 4.320 No Scour 
M16 1.75 5.567 4.55 No Scour 
M10 2 5.693 5.2 No Scour 
M17 2.5 5.91 5.7 No Scour 
M18 3 6.091 5.35 No Scour 
 
Table 44 - Results Natural Section Scour Potential 
Model Flood Depth 
(m) 
Critical 
Velocity (m/s) 
Recorded 
Velocity 
Comments 
M05 1 2.873 4 Potential Scour 
M07 1.25 2.982 3.7 Potential Scour 
M15 1.5 3.074 4.35 Potential Scour 
M16 1.75 3.154 4.54 Potential Scour 
M10 2 3.225 5.25 Potential Scour 
M17 2.5 3.35 5.8 Potential Scour 
M18 3 3.45 5.3 Potential Scour 
 
Figure 60 below illustrates that the scour potential tends to increase with the 
increased flow depth or flood intensity. The scour potential has been calculated 
by subtracting the recorded velocity from the critical velocity, a value greater 
than 1 indicates that the critical velocity has been exceeded and therefore there 
is potential for scour. The figure also indicates that the rock protection zone, 
although subject to increasing potential for scour, has not exceed the critical 
velocity while the natural section has exceeded the critical velocity even at 1m 
flood depth. 
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The scour potential has slightly decreased between the 1m flood depth and 
1.25m flood depth. This is likely due to the height of the culvert box; the scour 
potential then continues to increase. The scour potential can then be seen to be 
decreasing from 2.5m to 3m, this may be because the majority of the flow is 
overtopping the culvert.  
 
 
Figure 60 - Results of Scour Potential 
 
Figure 60 above illustrates that as the flood depth increases the scour potential 
increases.  A value greater than 1 indicates that the critical velocity has been 
exceeded and therefore there is potential for scour. The figure also indicates that 
the rock protection zone, although subject to increasing potential for scour, has 
not exceed the critical velocity while the natural section has exceeded the critical 
velocity even at 1m flood depth. 
 
The scour potential has slightly decreased between the 1m flood depth and 
1.25m flood depth. This is likely due to the height of the culvert box; the scour 
potential then continues to increase. The scour potential can then be seen to be 
decreasing from 2.5m to 3m, this may be because the majority of the flow is 
overtopping the culvert.  
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5.2 Scour with different Rock Protection Configurations  
The Lockyer Valley Regional Council drawings had detailed the rock protection 
the same level as the culvert invert, however the site visit revealed that the rock 
protection was actually 300mm higher than the invert of the culvert. The table 
below focuses on analysing the effect of the elevated rock protection. 
 
Table 45 - Scour Potential with Different Rock Protection Configurations 
Model Scour 
Depth 
RP 
Elevation 
RP Critical 
Velocity 
RP 
Recorded 
Velocity 
NS 
Critical 
Velocity 
NS 
Recorded 
Velocity 
M01 0 0 5.072 3.75 2.873 4 
M02 0 0.3 5.072 2.72 2.873 3.48 
M03 0.5 0.3 5.072 2.85 2.873 2.95 
M04 0.75 0.3 5.072 2.65 2.873 2.75 
 
 
Figure 61 - Scour Potential with Different Rock Protection Configurations 
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Figure 62 - Scour Potential with Different Rock Protection Configurations 
5.3 Drag force at different flood intensities 
The drag force was calculated using the AS 5100.2, the calculated value is then 
compared to the drag force value calculated by the model. Table 46 lists the 
results from the AS 5100.2 and the comparative results from ANSYS. The results 
are similar for the varying flood depths however, there are a number of results 
where the ANSYS model results are greater than AS 5100.2 which can be seen 
in Figure 63. The AS 5100.2 may not be appropriate to analyse drag force of 
culverts based on these results. 
Table 46 - Drag Force with increasing Flood Depth Results 
Model Flood Depth (m) Drag Force (N) Comments 
AS 5100.2 ANSYS 
M05 1 1197 1281 ANSYS 
M07 1.25 1958 1956 AS 5100.2 
M15 1.5 2502 3053 ANSYS 
M16 1.75 3067 3619 ANSYS 
M10 2 3665 4443 ANSYS 
M17 2.5 49350 4436 AS 5100.2 
M18 3 6293 4437 AS 5100.2 
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Figure 63 - Drag Force with Increasing Flood Depth Results 
5.4 Lift force at different flood intensities 
The lift force was calculated using the AS 5100.2, the results can be seen in Table 
47 along with lift forces calculated from ANSYS models. All the models had 
negative forces, this indicates that the force from the water flow is less than the 
hydrostatic pressure. The AS5100.2 generally had a larger negative lift force 
however, this indicates that the actual uplift calculated from the AS 5100.2 is less 
than the value from ANSYS.  
 
Table 47 - Lift Force with increasing Flood Depth Results 
Model Flood Depth (m) Lift Force (N) Comments 
AS 5100.2 ANSYS 
M05 1 -17142 -10201 AS 5100.2 
M07 1.25 -18466 -21991 ANSYS 
M15 1.5 -11797 -11153 AS 5100.2 
M16 1.75 -14460 -14263 AS 5100.2 
M10 2 -17278 -17134 AS 5100.2 
M17 2.5 -23266 -22034 AS 5100.2 
M18 3 -29669 -22033 AS 5100.2 
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Figure 64 - Lift force at different flood intensities 
 
5.5 Box Culvert Size configurations  
The dimensions of reinforced concrete boxes used to create a culvert vary by 
location and are generally designed in accordance with the Austroads Guide to 
Road Design Part 5B. The box must operate under inlet or outlet conditions with 
a 20 year ARI (Austroads Ltd 2013).  The analysis will determine if the scour 
potential greatly varies with the size of box chosen. Table 48 indicates a summary 
of the results found for different box sizes.  
Table 48 – Box Culvert Size Configuration Summary 
Model Box Size RP Vcr RP V NS Vcr NS V 
M11 1200x450 5.693 5.2 3.225 5.2 
M10 1200x600 5.693 5.2 3.225 5.25 
M12 1200x900 5.693 4.95 3.225 4.95 
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Figure 65 - Scour Potential for Different Box Culvert Sizes 
 
The height of the box does contribute to the scour potential downstream of the 
culvert. The currently installed 1200x600 RC box culvert had a velocity in the 
natural section of 5.25m/s this meant that the scour potential in this zone was 
2.025. The larger box 1200x900 had a velocity of 4.95m/s which determined the 
scour potential was 1.725, this meant that scour potential has decreased with 
increasing box size. The difference between the installed box and a smaller box 
is negligible, this could be due to the flood height. Further investigation could be 
conducted to analyse how different flood depths with different culvert sizes.  
5.6 Pavement length  
The Lockyer Valley Regional Council drawings indicated the pavement width was 
4.5m however on inspection, the width of the pavement was measured at 6m. 
The AS5100.2-2004 nor the Austroads Guide to Road Design Part 5B accounts 
for changing pavement length and how this may affect the operation of the 
culvert. This analysis section will identify any critical changes in operation when 
the pavement length is changed.  
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Table 49 -Scour Potential with different Pavement Width 
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M10 4.5 2 5.693 5.2 3.225 5.25 4443.5 3665.082 -17134.1 -17278 
M13 6.0 2.0 5.693 5.15 3.225 5.250 3962 3665.161 -13045 -17278 
M14 7.5 2.0 5.693 5.25 3.225 5.300 4261 3665.161 -20752 -17278 
 
 
Figure 66 -Scour Potential with different Pavement Width 
The analysis of the pavement width indicates that the optimum pavement width 
for the left hand branch road culvert is 6m. The rock protection scour potential 
is least when the pavement width is 6m, the potential scour increase when the 
pavement width is increased or decreased. The natural section has a consistent 
scour potential when the pavement width is between 4.5m and 6m however, 
from the 6m width the scour potential can be seen to be increasing.    
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Figure 67 - Drag force with different Pavement width 
 
The drag force calculated from the AS5100.2 - 2004 is constant and is not 
dependent on the pavement width however, the pavement width has a varying 
effect on the magnitude of the drag force. The drag force calculated from the 
AS5100.2 – 2004 is closest to the 6m pavement width, this could be the pavement 
width that was used to design the equations in the AS5100.2-2004.  The drag 
forces calculated from ANSYS are more critical than those calculated in the 
Australian Standard, this indicates that the standard is not adequate in real world 
scenarios as the design force is less than drag force created by water flow. 
 
 
Figure 68 - Lift force with different Pavement width 
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The lift force calculated from the AS5100.2-2004 can be seen in the graph above 
to have a constant value because there is no factor to include the width of the 
pavement. The results from ANSYS indicate that the lift force calculated from the 
bridge standard is almost identical to the lift force generated from ANSYS when 
the pavement width is 4.5m. The lift force can then be seen to increase as the 
pavement width increases to 6m however, when the pavement width is further 
increased to 7.5m the hydrostatic pressure generated from the water is far 
greater than the lift force generated from the flowing water.  
5.7 Limitations 
5.7.1 Hydraulic Jump 
A hydraulic jump occurs when the water flow transitions from sub critical to super 
critical or when transitioning from supercritical to sub critical. It can be seen when 
the flow depth increases or decreases. The location of a hydraulic jump is critical 
as the velocity within the transition area is turbulent and energy is dissipated in 
this area.  The dissipation of energy in this area can cause channel erosion, 
therefore additional scour protection would be required in the location where a 
hydraulic jump is occurring. Within the case study the location of a hydraulic jump 
could not be identified, it is therefore important to conduct experimental work to 
find the location of a hydraulic jump. 
 
5.7.2 Number of Elements 
When creating a finite element model, the number of elements used to create 
the model is critical. Creating a fine mesh with large number of elements will 
ensure more accurate results however, the comprise is then additional 
computational time is required. If a coarse mesh is created the computational 
time is reduced as is the accuracy of the model. The ANSYS 17.0 Student version 
was used to create computational fluid dynamic models, the student version is 
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limited to 32,000 structural elements and 512,000 fluid elements. The number of 
elements used within these models were therefore required to be within these 
limits. Any future research should undertake a convergence study, this involves 
creating a model with a coarse mesh and reducing the size of the mesh which 
increases the number of elements. The results from different mesh sizes can be 
compared to the optimal mesh size. This would ensure the model is producing 
accurate results while not creating unnecessary computational load. 
5.7.3 Particle Transportation Modelling  
The ANSYS workbench has a module to create granular particles, these granular 
particles can be used to simulate soil. The simulated soil could then hypothetically 
be subjected to water flow using ANSYS Fluent however, this was beyond the 
scope of this dissertation. Future modelling could investigate modelling the 
particle transportation, this will enable to the modeller to better under scour 
propagation, the shape of scour and max scour depth.  
5.8 Conclusion 
The research conducted a 3D ANSYS computational fluid dynamics finite element 
analysis on the Left Hand Branch Road culvert located in the Lockyer Valley with 
the intention of analysing the effect of flood events on a culvert structure. The 
model results could then be compared with Australian Standards and empirical 
equations, particular attention would be payed to the effects of scour, drag 
forces, lift forces and geometrical alterations.  
5.8.1 SUMMARY OF FINDINGS 
The results from the model indicated that the maximum scour depth was 750mm, 
at this depth the velocity has reached an equilibrium where further scour will not 
occur. The propagation of further scour should be investigated however it was 
beyond the scope of this research. The rock protection at the downstream end 
of the culvert did not have any scour potential up to a maximum flood depth of 
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3m however, without further research into the scour propagation pattern it could 
have scour potential if undermined.  
5.8.2 Project Outcomes 
The aim of this project was to analyse the effect of extreme flood events on a 
culvert.  For this to be done the following aims were achieved: 
 
A. Find critical areas where high scour potential is likely 
 
A thorough literature review identified critical zones where potential scour will 
occur. The literature also identified equations used by transport authorities 
around the world. The models were then developed to analyse the regions of 
high scour potential. 
 
B. Analyse the effect of scour  
 
The model was created based on the Left Hand Branch Road culvert. The models 
were created to specifically analyse the effect of scour.  The scour was analysed 
under many conditions to understand what would be critical to reducing the scour 
potential of a culvert. 
 
C. Analyse the effect of culvert geometry 
 
The site inspection revealed there were some discrepancies between the as 
constructed drawings and the real structure. The different models were created 
to analyse the effect of altering the culvert geometry specifically, the pavement 
width, culvert length and size of the box were modelled. The results can then be 
used by designers to understand how the culvert geometry affects the culvert 
operation.  
 
D. Determine if the AS5100.2 is adequate for culverts 
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The AS5100.2 is the Australian Standard for bridge construction, the substructure 
such as piers are constructed in similar environments to culverts. It was therefore 
used to consider if the loads defined in this standard was sufficient to be applied 
to culverts. The results were particularly interested in the drag and lift forces, 
these were not adequate when considering the drag and lift forces for culverts. 
5.8.3 Future Research 
Any future research should first try and address the limitation in this research. 
The location of the hydraulic jump is a critical factor as this is where a large 
amount of scour can occur as the flow changes from supercritical flow to sub 
critical flow. The location of the hydraulic jump can be done through some 
experimental work which can also be used to validate the model. 
 
The current model is based on literature and observations made after flood 
events. The current model is calculating results that are consistent with 
observation reports, however, accurate validation can be through experimental 
work. The scour zones, shape and depth can all be further understood through 
an experiment. This is particularly important in determining scour shape and 
depth which was based on literature but can vary with different conditions. The 
scour propagation will also be defined through an experiment which was outside 
the scope of this research. 
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APPENDIX A 
ENG4111/4112 Research Project 
Project Specification 
 
FOR:  Haren Stainwall 
TITLE: Analysis of culvert during extreme flood events  
 
SUPERVISORS: Dr Buddhi Wahalathantri 
   Professor Karu Karunasena 
   Dr Weena Lokuge 
 
ENROLMENT: ENG4111 – ONC (Springfield) S1, 2016 
  ENG4112 – ONC (Springfield) S2, 2016 
 
PROJECT AIM: To determine scour potential of culverts and forces resulting 
from water flow at different flood intensities.  
 
PROGRAMME: Issue C, 18th July 2016 
1. Conduct a literature review to gather and understand current 
considerations when designing, constructing and maintaining culverts for 
scour potential. This will include the review of available design guidelines 
including any relevant published research. 
2. Identify critical parameters required for Finite Element Analysis key 
parameters will include but not limited to geometry, material properties, 
environmental conditions, load application and boundary conditions. 
3. Develop a Finite Element model to reflect the geometry and boundary 
conditions. 
4. Undertake a parametric study using different flood loadings (to simulate 
different flood intensities) to understand scour potential and forces 
resulting from water flow around culverts. 
5. Propose possible future research. 
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APPENDIX B 
M02 Figures 
 
Figure 69 – M02 Rock Protection - Velocity 
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Figure 70 – M02 Natural Section - Velocity 
 
Figure 71 – M02 - Drag Force 
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Figure 72 – M02 - Lift Forces 
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M03 Figures 
 
Figure 73 – M03 Downstream Rock Protection - Velocity 
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Figure 74 – M03 - Downstream Natural Section – Velocity 
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Figure 75 – M3 - Drag Force 
 
Figure 76 – M03 - Lift Force 
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M04 Figures 
 
Figure 77 – M04 - Downstream Natural Section- Velocity 
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Figure 78 – M04 - Downstream Rock Protection - Velocity 
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Figure 79 – M04 - Drag Force 
 
Figure 80 – M04 - Lift Force 
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M05 Figures 
 
Figure 81 – M05 - Downstream Rock Protection Velocity 
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Figure 82 – M05 - Downstream Natural Section - Velocity 
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Figure 83 – M05 - Drag Force 
 
Figure 84 – M05 - Lift Force 
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M06 Figures 
 
Figure 85 – M06 - Downstream Rock Protection – Velocity 
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Figure 86 – M06 - Downstream Natural Section – Velocity 
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Figure 87 – M06 - Downstream Extended Natural Section – Velocity 
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Figure 88 – M06 - Drag Force 
 
Figure 89 – M06 - Lift Force 
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M07 Figures 
 
Figure 90 – M07 Downstream Rock Protection – Velocity 
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Figure 91 – M07 Downstream Natural Section – Velocity 
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Figure 92 – M07 Downstream Extended Natural Section – Velocity 
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Figure 93 – M07 - Drag Force 
 
Figure 94 – M07 - Lift Force 
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M08 Figures 
 
Figure 95 – M08 Downstream Rock Protection – Velocity 
 
Figure 96 – M08 Downstream Natural Section – Velocity 
 Analysis of Culvert during Extreme Flood events 
 
 
 151 
 
 
Figure 97 – M08 Downstream Extended Natural Section – Velocity 
 
Figure 98 – M08 - Drag Force 
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Figure 99 – M08 - Lift Force 
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M09 Figures 
 
Figure 100 – M09 Downstream Rock Protection – Velocity 
 
Figure 101 – M09 Downstream Natural Section – Velocity 
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Figure 102 – M09 Extended Downstream Natural Section – Velocity 
 
Figure 103 – M09 - Drag Force 
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Figure 104 – M09 - Lift Force 
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M10 Figures 
 
Figure 105 – M10 - Downstream Rock Protection – Velocity 
 
Figure 106 – M10 Downstream Natural Section – Velocity 
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Figure 107 – M10 - Downstream Extended Natural Section – Velocity 
 
Figure 108 – M10 - Drag Force 
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Figure 109 – M10 - Lift Force 
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M11 Figures 
 
Figure 110 - M11 Downstream Rock Protection – Velocity 
 
Figure 111 - M11 Downstream Natural Section – Velocity 
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Figure 112 - M11 Downstream Extended Natural Section – Velocity 
 
Figure 113 - M11 - Drag Force 
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Figure 114 - M11 - Lift Force 
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M12 Figures 
 
Figure 115 - M12 Downstream Rock Protection – Velocity 
 
Figure 116 - M12 Downstream Natural Section – Velocity 
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Figure 117 - M12 Downstream Extended Natural Section -  Velocity 
 
Figure 118 - M12 - Drag Force 
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Figure 119 - M12 - Lift Force 
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M13 Figures 
 
Figure 120 - M13 Downstream Rock Protection – Velocity 
 
Figure 121 - M13 Downstream Natural Section – Velocity 
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Figure 122 - M13 Downstream Extended Natural Section – Velocity 
 
Figure 123 - M13 - Drag Force 
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Figure 124 - M13 - Lift Force 
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M14 Figures 
 
Figure 125 - M14 Downstream Rock Protection – Velocity 
 
Figure 126 - M14 Downstream Natural Section – Velocity 
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Figure 127 - M14 Downstream Extended Natural Section – Velocity 
 
Figure 128 - M14 - Drag Force 
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Figure 129 - M14 - Lift Force 
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M15 Figures 
 
Figure 130 - M15 Downstream Rock Protection – Velocity 
 
Figure 131 - M15 Downstream Natural Section – Velocity 
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Figure 132 - M15 Downstream Extended Natural Section – Velocity 
 
Figure 133 - M15 - Drag Force 
 Analysis of Culvert during Extreme Flood events 
 
 
 173 
 
 
Figure 134 - M15 - Lift Force 
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M16 Figures 
 
Figure 135 - M16 Downstream Rock Protection – Velocity 
 
Figure 136 - M16 Downstream Natural Section – Velocity 
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Figure 137 - M16 Downstream Extended Natural Section – Velocity 
 
Figure 138 -M16 - Drag Force 
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Figure 139 - M16 - Lift Force 
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M17 Figures 
 
Figure 140 - M17 Downstream Rock Protection – Velocity 
 
Figure 141 - M17 Downstream Natural Section – Velocity 
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Figure 142 - M17 Downstream Extended Natural Section – Velocity 
 
Figure 143 -M17 - Drag Force 
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Figure 144 - M17 - Lift Force 
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M18 Figures 
 
Figure 145 - M18 DSRP Velocity 
 
Figure 146 - M18 DSNS Velocity 
 Analysis of Culvert during Extreme Flood events 
 
 
 181 
 
 
Figure 147 - M18 Drag Coefficient 
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Figure 148 -M18 Lift Coefficient 
 
